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ABSTRACT 
Post-hatch muscle fibre growth is dependent upon the contribution of new nuclei derived 
from the mitotically active adult myoblast population, termed satellite cells (SC). In broilers, SC 
are maximally active in the first week post-hatch. During this period their activity can be affected 
by the birds’ access to feed, and potentially the composition of the feed provided, regulating 
subsequent muscle development.  
Research relating to the regulation of SC activity by diet composition, and the interaction 
of bird hatch time and timing of access to feed is limited, but suggests these factors could 
significantly affect muscle development (Chapter 2). Therefore, the overall hypothesis of this 
thesis was that the biological activity of SC is affected by the nutritional status of broiler chicks 
in the immediate post-hatch period. It was also hypothesised that this relationship could be 
negatively affected by some procedures currently employed in the broiler industry, which could 
be modified to improve broiler muscle development. 
Some evidence indicates that dietary nutrient composition can influence SC activity, and 
it is apparent that dietary protein and specifically amino acid availability (AA) are critical to 
consider in this relationship (Chapter 2). The nutritional regulation of myogenic SC activity by 
dietary sulphur amino acid (SAA) availability was therefore assessed by in vitro cell culture. 
Varied levels of methionine (Met) and cysteine (Cys) were included in cell culture medium 
during SC proliferation, differentiation, and myotube formation (Chapters 3, 4, and 5). Impaired 
proliferation and differentiation of SC, and myotube formation, was observed when SAA 
availability was increasingly restricted, while impaired proliferation was also observed when 
excess SAA were available (Chapter 3). This immediately indicated that nutrient availability can 
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significantly affect SC activity. A decreased rate of SC apoptosis was observed as SAA 
availability was reduced during proliferation, while decreased levels of SAA resulted in an 
increased rate of SC apoptosis during differentiation (Chapter 4). This suggests that decreased 
SC proliferation as a result of impaired SAA availability (Chapter 3) was not due to apoptosis of 
the cells, but likely due to them entering a quiescent state, while an increased proportion 
underwent apoptosis when unable to differentiate.   
The impact of SAA availability on myogenic regulatory gene expression was also 
evaluated (Chapter 5). These genes influence different aspects of SC activity, and included the 
myogenic regulatory factors myogenic determination factor 1 (MyoD) and myogenin, the 
transcription factor paired box 7 (Pax7), the cell-membrane associated proteoglycans syndecan-4 
and glypican-1, and the extracellular matrix proteoglycan decorin. A consistent pattern of 
reduced gene expression was observed as SAA availability was reduced. Alternately, the 
provision of excess SAA caused either no change or a small reduction in mRNA expression of 
the different genes. It was concluded that myogenic regulatory gene expression in SC is 
negatively affected by impaired nutrient availability. The significance of the fibre type of origin 
of SC was also considered through comparison of SC from the pectoralis major (p. major) and 
biceps femoris (b. femoris) (Chapters 4, and 5). Only minor variation in the rate of apoptosis or 
regulatory gene expression between SC of these two muscle fibres was observed, indicating this 
was not a significant regulatory consideration. 
An in vivo trial was undertaken to investigate the regulation of SC activity and breast 
muscle development by dietary SAA availability in Ross 308 broiler chicks (Chapter 6). This 
trial evaluated if the SC population in vivo responds to variations in the composition of the diet 
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in a similar manner to that observed in vitro (Chapters 3, 4, and 5). No effect of altered dietary 
SAA availability in the pre-starter period from hatch to 7 d was observed for body or breast 
muscle weight gain, feed intake, or feed conversion ratio. Additionally, the expression of MyoD 
and myogenin was similar in all treatment groups. It was concluded that under the conditions of 
this study, SC activity in the early post-hatch chick, and subsequent muscle development, were 
unaffected by variable dietary Met in the pre-starter period. However, several diet formulation 
and management considerations were identified which may have contributed to the lack of 
treatment effect, and could be controlled or eliminated in future investigations of pre-starter diet 
optimisation. 
Previous research has highlighted that prompt access to feed post-hatch is a priority to 
maximise SC activity. However, this is complicated by birds being held within the incubator 
until the majority have hatched which can be up to 48 h after the first chick hatches, among other 
requirements, before birds receive feed at the grow out farm (Chapter 2). Additionally, growth 
rates have been demonstrated to inherently vary among birds with different hatch times (Chapter 
2). The effect of chick hatch time, and its interaction with the timing of access to feed on SC 
activity and muscle development was therefore investigated (Chapters 7 and 8). The incubator 
was inspected every 3 h throughout the hatch window and hatched chicks were classified as early 
hatch (EH), midterm hatch (MH), or late hatch (LH), based on their incubation duration. Chicks 
were either provided immediate access to feed and water after hatching, or 24 h delayed access 
to feed and water from the conclusion of the hatch window.  
The first focus of the study was the myogenic activity of SC and the regulation of body 
and muscle growth potential (Chapter 7), while the alternate aspect of intramuscular fat 
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deposition is introduced below (Chapter 8). Hatchling body weight was uniform, but was 
subsequently increased in EH compared to LH birds by immediate access to feed until 7 d in 
female, and 14 d in male birds. Relative breast weight was increased through to 28 d in EH and 
MH birds, and birds with immediate access to feed. The expression of MyoD, myogenin, 
syndecan-4, glypican-1, and decorin was also affected, and suggested that SC were activated and 
proliferating, but had a reduced differentiation capacity in both LH, and feed deprived birds. 
Adding to this, EH birds with immediate access to feed had maximal muscle fibre width at 7 d 
while immediate access to feed increased fibre width through to 40 d. These results demonstrate 
that delaying chick access to feed for 24 h upon removal from the incubator will impair muscle 
growth. Additionally, hatch time was observed to independently influence muscle development, 
with accelerated muscle growth in EH and MH, compared to LH birds, irrespective of access to 
feed through to 28 d. Identifying the physiological cause of this altered muscle development in 
earlier hatching birds may allow this variation to be exploited to improve muscle growth. 
Breast muscle morphology was also considered in the in vivo investigations (Chapters 6 
and 7). Variable dietary Met in the pre-starter period did not affect perimysial connective tissue 
spacing (surrounding muscle fibre bundles) or scoring of overall morphology (considering 
perimysial spacing, and endomysial spacing surrounding individual fibres; Chapter 6). 
Conversely, perimysial connective tissue spacing, as well as scoring of overall morphology was 
variably increased in EH birds, birds with immediate access to feed, or a combination thereof 
(Chapter 7). These results suggest that post-hatch management which maximises SC activity also 
improves muscle connective tissue spacing, which could potentially improve meat quality. 
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The final aspect of this thesis concerned the fact that SC are a multipotential stem cell 
population, able to undergo adipogenic transdifferentiation and form adipocytes. Due to this, the 
potential for SC to contribute to intramuscular adipose tissue deposition as a result of impaired 
post-hatch nutrition, and its significance to low fat poultry breast meat production, has been 
highlighted (Chapter 2). Further research was required to confirm this nutritional regulation of 
SC adipogenic activity, and determine its relevance in commercial conditions.  The potential 
stimulation of adipogenic transdifferentiation of SC due to SAA availability was investigated in 
vitro (Chapter 4). Significantly restricted SAA availability resulted in increased lipid staining, 
and expression of the adipogenic regulatory genes peroxisome proliferator-activated receptor 
gamma (PPARγ) and stearoyl-CoA desaturase (SCD) during differentiation in the p. major SC. 
Increased lipid staining was also observed in the b. femoris SC at a lower SAA concentration, 
however there was no increase in the expression of either adipogenic gene, suggesting muscle 
fibre type plays a role in this relationship. Additionally, adipogenic gene expression was 
increased for both muscle fibre types when excess Met/Cys was provided. These data supported 
the hypothesis that restricted nutrient availability, and also suggest that excess nutrient supply, 
can stimulate SC adipogenic transdifferentiation, with the p. major SC displaying an increased 
propensity towards this fate. 
 In vivo, dietary SAA availability in the pre-starter period did not affect PPARγ 
expression or intramuscular fat deposition, similar to the lack of effect on myogenic SC 
regulation and muscle growth (Chapter 6). Conversely, both chick hatch time and the timing of 
access to feed influenced intramuscular adipogenic regulation (Chapter 8). Together, these 
results (Chapters 4, 6, and 8) suggest post-hatch nutritional management, and chick hatch time, 
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can affect the adipogenic activity of SC and intramuscular adipose tissue deposition, in an 
inverse manner to their regulation of myogenic SC activity and muscle growth. 
In summary, the outcomes of the experimental work presented in this thesis indicate that 
the nutritional status of SC will influence their activity, and this has the capacity to influence 
their contribution to muscle development in vivo. The potential for pre-starter diet composition, 
and the demonstrated ability of the timing of access to feed and chick hatch time to influence 
myogenic SC activity and muscle development is apparent. Additionally, the regulation of 
intramuscular connective tissue spacing, and intramuscular adipose tissue deposition, present 
meat quality as another important aspect of post-hatch management to consider. In conclusion, 
these results may provide valuable information for commercial producers seeking to identify 
opportunities to improve post-hatch broiler muscle development. 
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GENERAL INTRODUCTION 
Commercial Poultry Production 
Worldwide the poultry meat industry has experienced rapid growth in recent years. In 
Australia, chicken meat consumption increased from 37.7 kg per person in 2006, to 44.1 kg per 
person in 2013 (Australian Bureau of Agricultural and Resource Economics and Sciences, 2014). 
Global per capita consumption of poultry meat is predicted to increase from 13.8 kg per person 
in 2015, to 17.2 kg per person in 2030 (Food and Agriculture Organization, 2003). This growing 
demand for chicken meat has placed pressure on the industry to increase bird growth rate, feed 
efficiency, and muscle deposition. This has led meat chickens, known as broilers, to be marketed 
in less than half the production time compared to 50 years ago (Warren, 1958; Schmidt et al., 
2009). Specifically, at processing age a modern broiler is approximately twice the body weight 
with double the relative breast weight compared to a 1950’s heritage breed of the same age 
(Schmidt et al., 2009).  
More than 572 million broilers were slaughtered in Australia in 2013 (Australian Bureau 
of Agricultural and Resource Economics and Sciences, 2014). The large number of birds grown 
annually, combined with the intensive nature of broiler production, provides opportunities for 
improvements in management of all aspects of broiler production to deliver significant economic 
returns, and to meet growing consumer demand.  
Development of the Research Programme 
Broiler chickens are managed to maximise the efficient conversion of nutrients to muscle. 
An important factor in achieving this objective is to consider the nutrient requirements of the 
chick in the first week post-hatch. Developmental changes at this time can influence the bird’s 
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muscle growth potential through to slaughter age (Halevy et al., 2000). Muscle growth in 
chickens occurs via muscle fibre hypertrophy, as the formation of new muscle fibres ceases at 
hatch (Smith, 1963). Hypertrophic muscle growth is regulated by the adult myoblast population, 
known as satellite cells (SC). Satellite cells are myogenic stem cells, and facilitate muscle 
hypertrophy by donating their nuclei to muscle fibres, increasing their capacity for protein 
synthesis (Stockdale and Holtzer, 1961; Moss and Leblond, 1971)  
Satellite cells are maximally active in the first week post-hatch. During this time, their 
activity can be altered by impaired access to feed (Halevy et al., 2000, 2003; Moore et al., 2005b; 
Velleman et al., 2010, 2014a). Interestingly, current commercial practices variably delay 
hatchling access to feed. Embryonic development of broiler chicks spans between 468 to 516 h, 
with chicks emerging from the shell throughout the final 24 to 48 h window of this process. 
During this period chicks are held in the incubator without feed and water until the majority of 
chicks within the incubator have cleared the shell. Additionally, hatch time may have a 
significant effect on SC activity as growth rates have been reported to differ between earlier and 
later hatching chicks (Careghi et al., 2005; Lamot et al., 2014; Wang et al., 2014). These 
differences may also be amplified by the extended period of feed deprivation experienced by 
earlier hatching birds while they remain within the incubator. Subsequently, chicks do not 
receive access to feed and water for up to 48 h after their removal from the incubator, due to 
processing at the hatchery and transport to the grow out farm.  
Once chicks arrive at the grow out farm, they are often provided a single formulation of 
feed, known as the starter diet, until 10 to 15 d post-hatch. The starter diet may not meet all of 
the specific nutritional requirements of the hatchling during the first 7 d of life. To this end Sklan 
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and Noy (2003) observed increased growth rates through to 40 d in chicks fed a diet exceeding 
the National Research Council (1994) recommended levels of amino acids and crude protein for 
the first 7 d post-hatch. The potential regulation of SC activity by dietary nutrient composition 
during the first week post-hatch has received little attention, but could be a valuable 
consideration for diet formulation.  
The cellular fate of SC may also be affected by early post-hatch chick nutrition. As a 
mesenchymal stem cell population, SC can be stimulated to undergo myogenic differentiation, or 
follow an alternate differentiation pathway to form chondrocytes (cartilage), or more 
importantly, adipocytes (fat cells) (Asakura et al., 2001; Shefer et al., 2004; Rossi et al., 2010). 
Increased intramuscular adipose tissue has been observed in broiler pectoralis major (breast 
muscle) following partial feed restriction in the first one or two weeks post-hatch (Velleman et 
al., 2010, 2014b). However, when the restriction was applied in the second week post-hatch only, 
avoiding the period of maximal SC activity, intramuscular adipose tissue deposition and 
adipogenic regulatory gene expression were no longer affected (Velleman et al., 2014b). This 
suggested that SC may, under conditions of nutrient deficiency, undergo adipogenic 
transdifferentiation.  
Based on these previous reports, the overall hypothesis of this thesis was that the 
nutritional status of broiler chicks in the immediate post-hatch period affects the biological 
activity of SC, and therefore muscle development. Further to this, it was hypothesised that some 
current commercial management practices negatively affect this relationship, and could be 
modified to improve broiler muscle development. Five specific research objectives were 
established to address these hypotheses. These objectives were to:  
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1) determine, using an in-vitro assay,  how dietary nutrient composition, and in particular 
the amino acid profile of the diet, affects SC activity  
2) evaluate if the SC population in vivo responds to variations in diet composition in a 
similar manner to that observed in vitro, and whether this also affects muscle 
development  
3) assess if hatch time and its interaction with the timing of access to feed significantly 
impacts SC activity and muscle development  
4) evaluate whether variations in dietary nutrient composition can stimulate SC to 
transdifferentiate into adipocytes  
5) determine if delayed post-hatch access to feed, variable composition of feed, and bird 
hatch time can regulate intramuscular adipose tissue deposition.   
An introduction to these five areas of investigation is outlined below.  
Objective 1: The first objective of this thesis was to evaluate the regulatory role of 
dietary nutrient composition on SC myogenic activity. It was hypothesised that the myogenic 
activity of the SC would be stimulated by incremental increases in dietary nutrient availability. 
Altering the dietary composition of the feed provided to chicks has been demonstrated to 
influence SC activity. However, previous studies have not sufficiently documented whether 
current commercial diets optimally support SC activity in the post-hatch bird to maximise 
muscle growth (Pophal et al., 2004; Moore et al., 2005; Nierobisz et al., 2007). The provision of 
sufficient crude protein and essential amino acids, including the sulphur amino acids, to the 
hatchling is critical to maximise hatchling body weight gain, breast meat yield, and muscle 
protein synthesis (Yaman et al., 2000; Sklan and Noy, 2003; Vieira et al., 2004; Swennen et al., 
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2010). As mentioned previously the timing of chick access to feed in the early post-hatch period 
can significantly affect SC activity (Halevy et al., 2000, 2003; Moore et al., 2005). Therefore, it 
is plausible that SC activity can be improved by optimising the availability of dietary protein 
and/or specific essential amino acids, resulting in increased muscle growth.  
To address objective 1, three in vitro cell culture experiments were undertaken to 
investigate the effect of variable methionine (Met) and cysteine (Cys) availability on various 
aspects of SC activity and regulation. As methionine universally initiates protein synthesis 
(Kozak, 1983), its dietary restriction was utilised to limit protein biosynthesis of SC in culture.  
Objective 2: The second objective of this thesis was to compare the regulation of SC 
activity by dietary nutrient composition in the broiler in vivo, to that observed in vitro as part of 
objective 1. It was hypothesised that a comparable trend in SC activity would be observed in vivo 
to that reported in vitro, and that any observed effect on SC activity would affect muscle 
development. As mentioned previously, starter diets are generally fed to broiler chicks for the 
first 10 to 15 d post-hatch. Identifying the effect of nutrient availability on SC activity during the 
first week post-hatch could indicate whether offering ‘pre-starter’ diets formulated with an 
increased nutrient density or digestibility would influence muscle development. To address 
objective 2 an in vivo experiment was performed to identify the effect of variable dietary Met 
availability during the first week post-hatch on SC activity. This experiment also determined 
whether breast muscle development through to slaughter age was affected by the dietary 
treatments.  
Partial post-hatch feed restriction has been shown to reduce muscle connective tissue 
spacing (Velleman et al., 2010, 2014a). It follows then that the composition of the diet may also 
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influence muscle connective tissue spacing. This is an important consideration as reduced 
connective tissue spacing is hypothesised to reduce capillary supply, which has been implicated 
in muscle damage and degradation (Dransfield and Sosnicki, 1999; Velleman et al., 2003). 
Therefore, muscle morphology was also assessed in the aforementioned in vivo experiment to 
gain an appreciation of the impact of variations in sulphur amino acids on muscle connective 
tissue spacing. It was hypothesised that the provision of diets that were increasingly deficient in 
sulphur amino acids would diminish muscle connective tissue spacing. This was assessed in 
addition to meat yield, as meat quality is also an important consideration in the production of 
chicken meat. 
Objective 3: The third objective of this thesis was to quantify the influence of chick 
hatch time, and its interaction with the timing of access to feed, on SC activity and breast muscle 
development through to slaughter age. It was hypothesised that all birds, and specifically earlier 
hatched chicks, would have significantly improved SC activity, muscle development, and 
connective tissue spacing when immediate access to feed and water was provided at hatch. This 
objective was investigated as at the conclusion of the incubation period, chicks typically hatch 
within a 24 to 48 h window. In commercial production, chicks are held in the incubator without 
feed and water during this period until the majority have cleared the shell. This process means 
that the first chicks to hatch will remain in the incubator for at least 24 h after emerging from the 
shell resulting in body weight loss (Sklan et al., 2000), and potentially impairing muscle growth.   
Currently, there is some controversy regarding the effect of hatch time on chick growth 
rates, both independent of, and in relation to the timing of access to feed. Increased growth rates 
have been reported in both earlier and later hatched chicks (Careghi et al., 2005; Lamot et al., 
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2014; Wang et al., 2014). Adding to this, as discussed by Lamot et al. (2014) the effect of hatch 
time on muscle development through to processing age has not been reported in broilers. 
Satellite cell activity is the most sensitive to feed restriction in the first 2 d post-hatch (Halevy et 
al., 2000). Therefore, hatch time may be a significant factor, both directly, and in relation to 
access to feed, on SC activity and muscle development. 
Objective 3 was addressed by an in vivo experiment investigating the interaction of bird 
hatch time, and their timing of access to feed on SC activity, and their subsequent effect on 
muscle development through to processing age. This is a relevant area of investigation as new 
alternate commercial brooding systems, such as the Patio system described in van de Ven et al. 
(2009), have been designed to provide chicks with immediate access to feed and water upon 
emergence from the egg. Determining whether muscle development varies in earlier versus later 
hatching chicks, both with and without immediate access to feed, will provide insight into the 
potential for innovative brooding systems to improve broiler muscle development. 
Objectives 4 and 5: The fourth objective of this thesis was to identify whether dietary 
nutrient composition, the timing of first access to feed, and chick hatch time would influence the 
adipogenic transdifferentiation of SC. It was hypothesised that any treatments related to the 
above factors which impaired myogenic SC activity, would conversely stimulate the adipogenic 
transdifferentiation of SC. Subsequently, the fifth objective of this thesis was to determine if 
these treatments would affect intramuscular adipose tissue deposition. It was hypothesised that 
any treatments which stimulated adipogenic transdifferentiation of SC would also increase 
intramuscular adipose tissue deposition in the broilers. The potential for the adipogenic 
transdifferentiation of SC to increase intramuscular adipose tissue deposition in nutrient 
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restricted chicks is an important commercial consideration. This is due to the fact that it could 
compromise the low fat image of poultry breast meat, which is important to its marketability 
(Kennedy et al., 2004). To address objective 4, one of the aforementioned in vitro experiments 
investigated the adipogenic potential of the SC under increasingly severe restriction of Met and 
Cys. Additionally, to address both objectives 4 and 5 the two in vivo experiments investigating 
the effect of nutrient availability, hatch time, and the timing of access to feed on bird 
development also included analysis of intramuscular adipose tissue deposition, and adipogenic 
regulatory gene expression.  
The first week post-hatch is a critical period of development in the broiler chick. 
Additionally, in the fast growing modern broiler, this represents an increasing proportion of the 
total lifespan of the bird. Factors within current commercial production may compromise SC 
activity, and therefore muscle growth potential and meat quality. Addressing the overall 
hypotheses of this thesis through the research objectives outlined will provide information on:  
 how the SC population responds to altered dietary amino acid availability 
 whether commercial diet formulation in the pre-starter period could be improved 
to optimally support SC activity and muscle development 
 how hatch time and its interaction with access to feed affect SC activity and 
muscle development in the context of commercial hatchery management 
 the effect of the above commercial considerations on intramuscular adipose tissue 
deposition in broilers, and the potential role of SC in this process 
These outcomes may allow for informed alterations to post-hatch management practices 
to be implemented, resulting in improved muscle growth and meat quality at processing age. 
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1. INTRODUCTION 
Satellite cells (SC) were first identified using electron microscopy in frog muscle fibres 
in 1961, at which time they were hypothesised to be involved in skeletal muscle growth (Mauro, 
1961). Since their discovery, the role of SC as regulators of muscle growth has been extensively 
investigated. Satellite cells facilitate muscle growth by fusing with and donating their nuclei to 
individual muscle fibres, a process referred to as myonuclear accretion (Stockdale and Holtzer, 
1961; Moss and Leblond, 1971). A constant ratio exists between myofibre diameter and DNA 
content (Moss, 1968). Therefore, the nuclei contributed by SC to muscle fibres increases their 
capacity for protein synthesis, facilitating their enlargement (hypertrophy). 
Satellite cells are maximally active during the first week post-hatch in broiler chickens, 
after which their ability to proliferate rapidly declines (Halevy et al., 2000; Velleman et al., 
2010). During this active period, the SC are susceptible to both starvation (Halevy et al., 2000, 
2003; Mozdziak et al., 2002a; Kornasio et al., 2011), and partial feed restriction (Velleman et al., 
2010; 2014a), impairing myonuclear accretion and muscle hypertrophy. This has implications for 
commercial broiler production, where post-hatch access to feed can be significantly delayed and 
starter diets are often not formulated to the requirements of the newly hatched chick. To 
highlight the significance of this topic and its investigation in this thesis, this review will outline 
1) skeletal muscle morphology and development, 2) several biological regulators employed as 
markers of SC activity, and 3) several commercial considerations implicated in SC regulation 
and broiler muscle development.  
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2. SKELETAL MUSCLE GROWTH AND MORPHOLOGY 
There are three types of muscle found in vertebrates: cardiac, smooth, and skeletal muscle. 
Of these, skeletal muscle is the most important to animal agriculture, as it is the muscle type 
most commonly consumed as meat.  
Skeletal muscle is derived during early embryonic development from myogenic precursor 
cells, which originate from mesodermal somites (Asakura et al., 2002). These myogenic 
precursors differentiate into embryonic myoblasts, which then fuse to form multinucleated 
myotubes and subsequently differentiate into muscle fibres (Chargé and Rudnicki, 2004). This 
type of growth is referred to as hyperplasia, as it is facilitated by an increase in muscle fibre 
number. In poultry, hyperplasia ceases at hatch as the myoblasts withdraw from the cell cycle 
(Smith, 1963). Subsequent post-hatch muscle growth is dependent on the hypertrophy of the 
postmitotic muscle fibres (Moss, 1968; Mozdziak et al., 1997). As mentioned previously, this 
hypertrophic muscle growth is facilitated by the SC which are capable of proliferating, 
differentiating, and donating their nuclei to existing muscle fibres. 
 
2.1 Skeletal muscle structure 
Mature skeletal muscles are surrounded and supported by three interconnected layers of 
connective tissue: the epimysium which sheathes the whole muscle, the perimysium which 
surrounds the muscle fibre bundles (also known as fasciculi), and the endomysium which 
surrounds individual muscle fibres. The interconnection of these connective tissue layers 
provides the structural framework for muscles, and contains the capillary beds for their blood 
supply (Allen and Goll, 2003). Individual muscle fibres are large postmitotic syncytial cells, 
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containing hundreds of myonuclei within a continuous cytoplasm. They are composed of 
numerous myofibrils, which in turn contain thick and thin myofilaments. The arrangement of 
these filaments forms the contractile unit of the muscle, which are termed sarcomeres. A 
schematic of this muscle organisation is depicted in figure 1. 
 
 
Figure 1. Schematic of skeletal muscle. Overview of a cross-sectional area of muscle highlighting individual 
muscle fibre structure. Modified from Velleman and McFarland (2014). 
 
2.2 Muscle fibre types 
Adult skeletal muscle fibres vary in both their contraction speed (fast or slow), and 
method of energy utilisation (glycolytic or oxidative). Muscle contraction properties are 
determined by the protein isoforms which compose the contractile apparatus of the fibres. Slow-
twitch fibres contain myosin isoforms with slow ATPase activity for slow energy generation and 
sustained movement. Conversely, fast-twitch fibres contain myosin isoforms with fast ATPase 
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activity for rapid energy generation and movements (Velleman and McFarland, 2014). The ATP 
for muscle contraction is generated by either glycolytic or oxidative metabolism. Glycolysis is an 
anaerobic reaction which metabolises glucose to pyruvate, which is then reduced to lactic acid, 
yielding six molecules of ATP per molecule of glucose. Conversely, oxidative metabolism 
utilises oxygen to yield approximately 36 molecules of ATP per molecule of glucose, by 
shunting the pyruvate produced from glycolysis through the tricarboxylic acid cycle within 
cellular mitochondria. Oxidative metabolism therefore yields more ATP than glycolysis per 
glucose molecule. It also avoids the conversion of pyruvate to lactic acid, which must be 
removed from the muscle by the capillary system (Bangsbo et al., 1991). Consequently, 
oxidative muscles contain a greater capillary density and smaller fibre diameter to facilitate 
sufficient oxygen diffusion.  
Based on these characteristics of contraction speed and method of energy utilisation, 
muscle fibres are categorised as four general fibre types. Type I fibres are slow-twitch oxidative, 
as they mainly utilise oxidative metabolism and have a low glycolytic capacity. Type IIA fibres 
are fast-twitch-oxidative-glycolytic, having the capacity for both oxidative and glycolytic 
metabolism. Finally, both type IIX and IIB fibres are fast-twitch-glycolytic, and mainly utilise 
glycolytic metabolism (Peter et al., 1972; Schiaffino and Reggiani, 1996). Muscles are variably 
composed of these different fibre types, based on which composition best suits their 
physiological requirements (Quiroz-Rothe and Rivero, 2004). For example, Type I fibres are 
important for posture and compose the strength muscles such as those in the legs. Conversely, 
type II fibres are most often seen in muscles that are used for short periods of time and fatigue 
quickly, such as the pectoralis major muscle. 
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The SC population is located between the sarcolemma and basement membrane of 
muscle fibres (Mauro, 1961). This location is referred to as the SC niche. Satellite cells isolated 
from the SC niche of different muscle fibre types possess innate differences, and are predisposed 
to differentiate into muscle fibres of the type from which they originate (Feldman and Stockdale, 
1991; Collins et al., 2005; Huang et al., 2006). Increased rates of both protein synthesis and 
degradation have been observed in myotube cultures derived from SC of the mixed type I, type 
IIA, and type IIB biceps femoris fibres, compared to SC from the type IIB pectoralis major 
fibres in turkeys (McFarland et al., 1997b), while no difference was observed in chickens 
(McFarland et al., 1997a).  
The proliferation and regulatory activity of SC also varies based on the fibre type from 
which they originate. However, reports on the specific nature of this relationship are 
contradictory. Increased proliferation but decreased differentiation rates have been reported in 
SC isolated from the pectoralis major, compared to biceps femoris, in turkeys (McFarland et al., 
1995). Conversely, the reverse has been reported in chickens (McFarland et al., 1997a). 
Additionally, a higher proliferative potential has been reported in SC isolated from type I 
compared to type IIB muscle fibres in rats (Lagord et al., 1998), while the reverse has been 
reported in mice (Manzano et al., 2011).  
Muscle fibre type therefore affects SC activity, and variation in this relationship between 
species is apparent. Due to this heterogeneity, nutritional regulation of SC activity and muscle 
growth may vary between fibre types, and was investigated in this thesis. 
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2.3 Poultry muscle myopathies  
Rapid improvements in growth rate, body size, and breast yield have been achieved in 
modern broiler strains. This selection for faster growth in broilers has resulted in muscles with 
larger average fibre diameters compared to slow growing birds (Remignon et al., 1995). 
However, concomitant to these improvements, several deleterious muscle conditions have 
emerged. Additionally, reduced capillary supply has been noted in faster growing lines (Sosnicki 
and Wilson, 1991; Velleman et al., 2003; MacRae et al., 2006). Velleman et al. (2003) 
hypothesised that the reduction in capillary supply in faster growing lines was a result of the 
limited connective tissue spacing observed in the breast muscle of these birds. As reported in 
turkey breast muscle, increased fibre diameter has been linked to muscle fibre degeneration and 
reduced endomysial and perimysial tissue spacing (Swatland, 1990; Wilson et al., 1990; 
Velleman et al., 2003). Adequate capillary supply is necessary for the removal of lactic acid from 
muscle tissue (Bangsbo et al., 1991). Therefore, reduced connective tissue spacing, particularly 
in the type IIB glycolytic breast muscle fibres (Remignon et al., 1995), would result in the 
accumulation of lactic acid. The accumulation of lactic acid results in a reduction in muscle pH, 
enhancing muscle fibre damage and degeneration.  
In addition to general muscle fibre degeneration in breast muscle tissue, specific meat 
quality abnormalities have been identified in modern commercial broiler strains. One of the 
earliest myopathies reported in broiler muscle was deep pectoral myopathy (DPM), also known 
as green muscle disease (Richardson et al., 1980). Deep pectoral myopathy occurs as a result of 
ischemic necrosis of the deep pectoral muscle (supracoracoideus or pectoralis minor). This 
condition arises mainly because this muscle is surrounded by inelastic fascia and the sternum, 
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which do not allow it to swell when exercised during wing flapping, compressing the venous 
return (Jordan and Pattison, 1998).  
Another prominent breast muscle myopathy is pale, soft and exudative meat (PSE), 
which is characterised by a lighter colour, flaccid texture, poor water-holding capacity, and 
reduced cooking yield (Petracci and Cavani, 2012). The high metabolism and glycolytic potential 
of the breast muscle contributes to PSE via lactic acid build-up, which rapidly lowers muscle pH 
post slaughter (Barbut et al., 2008). White striping is another muscle myopathy, identified by 
superficial white striations running parallel to the direction of muscle fibres (Kuttappan et al., 
2013). Most recently, a condition termed wooden breast has been characterised, whereby the 
breast muscle is variably hard and pale (Sihvo et al., 2014). Abnormal muscle and connective 
tissue morphology play an important role in the aetiology of both the white striping, and wooden 
breast conditions (Kuttappan et al., 2013; Velleman and Clark, 2015), and the two are often 
observed concomitantly (Sihvo et al., 2014).  
The DPM, PSE, white striping, and wooden breast conditions have been reported to occur 
predominantly in heavier birds of fast-growing strains (Siller, 1985; Barbut et al., 2008; 
Kuttappan et al., 2012; Petracci and Cavani, 2012; Sihvo et al., 2014; Mudalal et al., 2015). 
These, and other, papers have suggested that the occurrence of the DPM, white striping and 
wooden breast conditions are primarily a product of genetic selection for breast meat yield and 
increased growth rates in modern broiler lines. However, Bailey et al. (2015) recently detailed 
that the genetic heritability and correlation of DPM, white striping, and wooden breast with 
breast meat yield and body weight gain is weak, compared to a strong non-genetic contribution 
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to their occurrence. This indicates environmental and management considerations are an 
important factor in the incidence of these myopathies.  
These outlined myopathies impair the marketability of poultry meat, and cause losses to 
the industry through downgrading of carcasses (Petracci and Cavani, 2012; Mudalal et al., 2015), 
with PSE alone estimated to cost the US broiler industry $200 million a year (Lubritz, 2007). 
This economic impact highlights the importance of examining the effects of commercial broiler 
management on muscle morphology and development, of which the SC play an integral role. 
Muscle morphology was therefore an important consideration within this thesis 
 
3. REGULATION OF SATELLITE CELL ACTIVITY 
Satellite cell activity is governed by the expression and activity of a number of 
intracellular as well as extracellular regulatory molecules. Nutritional signals play an important 
role in influencing regulatory gene expression and protein translation (Tesseraud et al., 2011). 
Therefore, monitoring the expression of key regulatory genes during changes in nutrient 
availability can provide important insight into how these changes affect SC activity and muscle 
growth.  
 
3.1 Intracellular regulation  
The SC population is governed by a highly ordered intracellular transcriptional program, 
which plays a large role in the regulation of SC activation, myogenic proliferation and 
differentiation, and therefore contribution to myofibre hypertrophy. Of this program, several 
important regulatory molecules will be discussed in this review, and utilised in the studies 
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comprising this thesis. These are paired box transcription factor 7 (Pax7), and the myogenic 
regulatory factors (MRF), myogenic differentiation factor 1 (MyoD) and myogenin. 
 
3.1.1 Paired box transcription factor 7 
Paired box transcription factor 7 is a member of the paired box/homeodomain family of 
transcription factors, the expression of which is required for SC specification of muscle-derived 
stem cells. Expression of Pax7 maintains the quiescent SC population, as observed by their 
absence in the skeletal muscle of Pax7 null mice (Seale et al., 2000; Kuang et al., 2006). 
 Without Pax7, the SC are lost post-hatch due to apoptosis and cell cycle defects (Relaix 
et al., 2006). Expression of Pax7 increases in proliferating SC, but declines as they begin to 
express myogenin and undergo differentiation (Figure 2; Halevy et al., 2004; Zammit et al., 
2006). Consequently, in chicks, breast muscle peak Pax7 protein expression has been reported at 
1 d post-hatch, when the SC are activated and proliferating (Halevy et al., 2004). This is 
followed by a decline 3 d post-hatch, concomitant to an increase in myogenin expression 
(Halevy et al., 2004). However, a proportion of activated SC remain undifferentiated, retaining 
their Pax7 expression (Figure 2). These constitute the reserve SC pool, which are utilised for 
muscle repair throughout life (Olguin and Olwin, 2004; Zammit et al., 2004).  
The critical role of Pax7 in SC determination makes it a useful marker of their population 
kinetics. This has been demonstrated by downregulation of Pax7 in SC extracted from poults 
deprived of feed for 48 h post-hatch, which was indicative of the reduction in SC number within 
the breast muscle of the feed deprived birds (Halevy et al., 2003). 
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3.1.2 Myogenic regulatory factors 
The MRF are a group of basic-helix-loop-helix proteins, each of which contains a 
conserved muscle recognition motif allowing for their activation of the myogenic program 
(Brennan et al., 1991). This group consists of MyoD, myogenin, myogenic factor 5 (MyF5), and 
myogenic regulatory factor 4 (MRF4) which each have specific roles in controlling the 
myogenic process.  
The MRF are not expressed in quiescent SC, but upon their activation and proliferation 
MyoD and MyF5 are expressed, followed by myogenin and MRF4 as the cells cease 
proliferating and undergo differentiation (Figure 2; Smith et al., 1994; Yablonka-Reuveni and 
Rivera, 1994; Cornelison and Wold, 1997; Cooper et al., 1999). Expression of MyoD is rapidly 
increased upon SC activation (Yablonka-Reuveni et al., 2008). Although functional redundancy 
exists between MyoD and MyF5, MyoD is the master myogenic transcription factor and has 
been demonstrated to be critical for normal differentiation of SC to occur (Weintraub et al., 
1991; Yablonka-Reuveni et al., 1999; Cornelison et al., 2000; Tapscott, 2005).  
Myogenin expression is also critical to the myogenic program, as it is necessary for the 
normal formation and differentiation of multinucleated myotubes (Edmondson and Olson, 1989; 
Hasty et al., 1993; Meadows et al., 2008). The specific role of MRF4 in this process is more 
complex. It is able to facilitate myogenic differentiation in embryonic stem cells lacking 
myogenin, and myogenin null embryos (Zhu and Miller, 1997; Sumariwalla and Klein, 2001). 
However, MRF4 has also been shown to facilitate skeletal muscle development in MyF5:MyoD 
double-null mice, indicating a role in the early stages of myogenesis as well (Kassar-Duchossoy 
et al., 2004; Shin et al., 2012a). Taken together, these studies, among others, suggest that MyoD 
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and MyF5 are required for myogenic activation and proliferation of the satellite cells. Myogenin 
subsequently plays a critical role in their terminal differentiation, and MRF4 partly subserves 
both roles.  
The effect of nutritional restriction on SC activity is reflected in MRF expression. 
Upregulation of MyoD and MRF4, and downregulation of myogenin has been reported during 
partial feed restriction in post-hatch chick breast muscle, in addition to a transient reduction in 
breast muscle growth (Velleman et al., 2010, 2014a). Similarly, reduced myogenin protein levels 
were reported in feed deprived poult muscle, and SC culture at 2 and 4 d post-hatch, which were 
correlated with reduced muscle growth and cell mitotic activity, respectively (Halevy et al., 
2003).  
The regulation of terminal SC differentiation by myogenin, and its correlation with 
muscle growth potential makes it a useful marker of cellular muscle development. Conversely, 
increased MyoD expression appears to be correlated with the maintenance of the activated and 
proliferating SC population, which has been reported in feed restricted birds (Moore et al., 
2005a). Once feed is restored, these cells then undergo myogenic differentiation (Halevy et al., 
2000, 2003). These reports highlight the utility of the MRF as markers of SC activity. 
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Figure 2. Regulatory gene expression during satellite cell myogenic differentiation. Expression of paired box 
transcription factor 7 (Pax7), myogenic determination factor 1 (MyoD), myogenin (Myog), syndecan-4 (Syn4), and 
glypican-1 (Gpc1) in the quiescent reserve, activated, proliferating, and differentiating satellite cell populations. 
FGF = fibroblast growth factor 2. The superscript + and – indicate upregulation or downregulation, respectively, of 
the associated gene at that stage of cell development. Modified from Yablonka-Reuveni et al. (2008). 
 
3.3 The extracellular matrix 
The extracellular matrix (ECM) is a complex network of macromolecules that includes 
proteoglycans, non-collagenous glycoproteins, and collagens secreted by the cells (Velleman, 
2007). In skeletal muscle, the ECM is anchored in the extracellular environment of the 
intramuscular connective tissue layers (the epimysium, perimysium, and endomysium).  
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The ECM has an important structural role, providing the architecture to allow cells and 
tissues to maintain their physical properties, promoting cell aggregation and providing a 
substrate for cell migration (Frantz et al., 2010). Critical to the structural role of the ECM are the 
collagens, which are the major protein component of the intramuscular ECM. There are 28 
different collagens identified in total (Gordon and Hahn, 2010), of which Types I, III, IV, V, VI, 
VII, XI, XII, XIV, XV, and XVIII  have been identified in the ECM of skeletal muscle 
(Nishimura et al., 1997; Gillies and Lieber, 2011). Of particular importance, fibrillar collagens 
types I and III confer a combination of tensile strength and rigidity, and compliance and 
elasticity, respectively, to muscle (Mays et al., 1988; Speiser et al., 1991; Marijianowski et al., 
1994, 1995). This provides the structural support for muscle contraction, while preventing 
overstretching and fibre damage. 
The ECM surrounds the SC niche and is an important factor influencing SC activity, 
through both signal transduction and modulation of growth factor activity (Velleman, 1999). 
Proteoglycans are ECM proteins which contain carbohydrate glycosaminoglycan (GAG) chains 
that are covalently attached to their core protein (Iozzo and Murdoch, 1996). Based on these 
GAG chain configurations, the proteoglycans are split into four groups, the heparan sulfate (HS), 
chondroitin sulfate (CS), dermatan sulfate (DS) and keratin sulfate (KS) proteoglycans. Several 
proteoglycans which have been identified as important regulators of SC activity will be 
discussed in this review, including the small leucine rich proteoglycan decorin, and the 
membrane associated cell surface proteoglycans syndecan-4 and glypican-1. 
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3.3.1 Decorin 
Decorin is a multifunctional extracellular proteoglycan with a single CS, or DS chain 
covalently attached to its core protein (Krusius and Ruoslahti, 1986). It is the most abundant 
proteoglycan in adult skeletal muscle tissue, found mainly in the perimysium (Brandan et al., 
1992). Decorin is involved in the formation of collagen cross-links and regulates proper collagen 
fibril formation (Danielson et al., 1997). Additionally, it interacts with a variety of proteins 
involved in regulation of cell attachment, migration, and proliferation (Iozzo, 1999).  
Two such proteins are the multifunctional cytokines transforming growth factor beta 
(TGF- β; Vaidya et al., 1989; Florini et al., 1991; Martin et al., 1992), and myostatin 
(McPherron et al., 1997; Thomas et al., 2000; Langley et al., 2002), which are potent inhibitors 
of myoblast proliferation and differentiation, and the transcription of the MRF MyoD and 
myogenin. Both myostatin (Miura et al., 2006; Kishioka et al., 2008) and TGF-β (Yamaguchi et 
al., 1990; Hildebrand et al., 1994; Droguett et al., 2006; Li et al., 2008) can be sequestered from 
their receptors by decorin, enhancing myoblast proliferation and differentiation.  
Under proliferative conditions however, decorin also facilitates TGF-β dependent 
signalling in myoblasts, in a mechanism reliant on the low density lipoprotein related protein 
(LRP-1) cell surface receptor (Riquelme et al., 2001; Cabello-Verrugio and Brandan, 2007; 
Cabello-Verrugio et al., 2012). Reduced TGF-β sensitivity and accelerated differentiation has 
been reported in decorin-null myoblasts, indicating their proliferation is maintained by this 
decorin mediated TGF-β signalling (Riquelme et al., 2001; Cabello-Verrugio and Brandan, 
2007). During myotube formation the amount of LRP-1 decreases, decreasing decorin mediated 
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TGF- β sensitivity (Brandan et al., 2006). Therefore, decorin modulates TGF- β activity during 
proliferation through LRP-1, and can also sequester TGF-β in the ECM.   
Decorin expression has also been linked to stimulation of p21, a cyclin-dependant kinase 
inhibitor, and cell-cycle arrest (De Luca et al., 1996; Santra et al., 1997). This occurs as a result 
of decorin binding to the insulin-like growth factor 1 receptor (IGF-IR), and subsequent 
serine/tyrosine kinase (Akt) phosphorylation (Schönherr et al., 2005). Recently, it was 
demonstrated in myoblasts that in addition to cell-cycle arrest, the activation of the IGF-IR, p21, 
Akt regulatory pathway stimulates myogenin expression, and ultimately increased myogenic 
differentiation (Suzuki et al., 2013). Decorin also interacts with the epidermal growth factor 
receptor (EGFR; Iozzo et al., 1999). This facilitates internalisation of the receptor into the cell 
and its degradation, resulting in reduced EGFR signalling (Csordás et al., 2000; Zhu et al., 2005). 
Reduced EGFR signalling is a prerequisite for myoblast differentiation (Leroy et al., 2013), and 
its degradation by decorin would facilitate this.  
Decorin upregulation has been reported during myoblast differentiation (Brandan et al., 
1991, 1992; Olguin and Brandan, 2001), while its overexpression has been reported to enhance 
both myoblast proliferation and differentiation (Li et al., 2007; Kishioka et al., 2008). The 
variable expression of decorin during myogenic proliferation and differentiation, and its role in 
cell surface receptor and growth factor mediated myogenic signalling, highlight its utility as an 
extracellular marker of SC activity.  
3.3.2 Syndecan-4 
The syndecans are a group of transmembrane proteoglycans, consisting of syndecan-1 
through 4, all of which are reportedly expressed in skeletal muscle (Larrain et al., 1997; Brandan 
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and Larrain, 1998; Fuentealba et al., 1999; Cornelison et al., 2001; Liu et al., 2006). They 
contain HS GAG chains covalently attached to their core protein, and can also contain DS or CS 
chains (Bernfield et al., 1999).  
In neonate muscle tissue, syndecan-4 is exclusively expressed in SC (Cornelison et al., 
2001). It is a positive regulator of satellite cell activation and proliferation, and also the 
expression and localisation of MyoD (Cornelison et al., 2004). Additionally, over-expression of 
syndecan-4 has been demonstrated to decrease SC differentiation in vitro (Velleman et al., 2007).  
Increased syndecan-4 expression has been reported in proliferating SC isolated from 
turkeys selected for 16 week body weight, compared to random bred controls (Liu et al., 2006). 
The expression of syndecan-4 was also affected by post-hatch access to feed in broiler chicks, 
concomitant to temporarily impaired muscle growth (Velleman et al., 2010, 2014a), which will 
be discussed later in this review. These reports suggest that syndecan-4 is involved in post-hatch 
muscle growth regulation. 
The syndecan core protein has 3 distinct domains which are the extracellular, 
transmembrane, and cytoplasmic domains (Figure 3). The cytoplasmic domain of syndecan-4 
can interact with other syndecan-4 cytoplasmic domains to form homodimers (Lee et al., 1998; 
Shin et al., 2001). These dimers then form oligomers of syndecan-4 which facilitate the direct 
binding of protein kinase C alpha (PKCα) to its variable cytoplasmic region, activating PKCα 
and facilitating its localisation in the cell membrane (Oh et al., 1998; Couchman et al., 2002; 
Keum et al., 2004).  
Syndecan-4 has also specifically been demonstrated to form oligomers and facilitate 
PKCα localisation to the SC membrane (Shin et al., 2012b; Song et al., 2012a). The localisation 
Chapter 2                   Literature review 
 
 
 
 
 
63 
 
of PKCα within the cell membrane of SC facilitates focal adhesion formation, activation of ras 
homolog gene family member A (RhoA), and the migration of SC as demonstrated in vitro 
(Song et al., 2012a; Shin et al., 2013). This likely enables the SC to migrate on myofibres in vivo. 
This is an important function as inhibited SC migration delays or prevents myotube and myofibre 
formation due to defects in cell fusion, cell-cell interactions, and differentiation (Mylona et al., 
2006; Bae et al., 2008).  
Subsequent to its activity in proliferating SC, syndecan-4 is downregulated during 
myogenic differentiation (Figure 2; Gutiérrez et al., 2006; Liu et al., 2006), and existing 
syndecan-4 is reportedly internalised from the plasma membrane (Rønning et al., 2015).  The 
variable activity of syndecan-4 promotes its use as a marker of SC kinetics in vivo, as it is highly 
expressed in proliferating SC, and down regulated as they undergo terminal differentiation.  
Syndecan-4 also functions as a co-receptor for fibroblast growth factor 2 (FGF2), 
allowing it to stably bind to cells high affinity tyrosine kinase receptor (Volk et al., 1999). This is 
significant as FGF2 is a potent stimulator of myoblast proliferation (Figure 2), and a strong 
inhibitor of myoblast differentiation (Dollenmeier et al., 1981; Brunetti and Goldfine, 1990). 
Although syndecan-4 has been demonstrated to regulate FGF2 signalling in other cell types it 
appears to act in an FGF2-independent manner in turkey SC, and therefore likely chicken SC as 
well (Velleman et al., 2007; Zhang et al., 2008; Song et al., 2012b).   
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Figure 3. Structures of syndecan-4 and glypican-1. Syndecan-4 contains a core protein with a cytoplasmic, 
transmembrane, and extracellular domain. Glypican-1 also contains a core protein with an extracellular domain, but 
is linked to the cell membrane by a glycosylphosphatidylinositol (GPI) anchor. Modified from Velleman (2012).  
 
3.3.3 Glypican-1 
There are 6 members of the glypican family. However, only glypican-1 has been reported 
to be expressed in skeletal muscle tissue (Campos et al., 1993). Glypican-1 is a HS proteoglycan 
similar to the syndecans, and contains three N-glycosylated and covalently attached HS GAG 
chains. It is distinct to the syndecans due to its central core protein, which does not contain a 
cytoplasmic or transmembrane domain, but is linked to the cell surface by a 
glycosylphosphatidylinositol (GPI) anchor instead (Figure 3).  
Glypican-1 is upregulated during myogenic differentiation (Figure 2; Brandan et al., 
1996; Gutiérrez et al., 2006; Liu et al., 2006), and can be present in two forms, a membrane-
associated, or soluble (shed) form. The membrane associated form of glypican-1 utilises the GPI 
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anchor to maintain its attachment to the cell membrane where it is localised within lipid raft 
domains. This localisation allows glypican-1 to bind to FGF2 and sequester it from its receptors 
located in non-raft domains, resulting in increased myoblast differentiation compared to 
glypican-1 deficient myoblasts (Gutiérrez and Brandan, 2010). For glypican-1 to be shed into the 
ECM, it must be released from the cell surface through the action of phospolipases, which cleave 
the GPI anchor (Traister et al., 2008).  
The shed form of glypican-1 sequesters FGF2 within the ECM away from its receptors, 
which also promotes SC differentiation (Velleman et al., 2013). Brandan et al. (1996) 
demonstrated an increase in glypican-1 shedding into the ECM space during myogenic 
differentiation, while Velleman et al. (2013) observed increased differentiation of SC expressing 
the shed form, compared to membrane bound glypican-1. This suggests that sequestration of 
FGF2 by glypican-1 is increased in its shed form, influencing its regulation of SC differentiation. 
Glypican-1 has also been implicated in the regulation of the MRF and Pax7, likely as a 
result of its regulation of FGF2 signalling. Knockdown of glypican-1 has been observed to 
decrease myogenin expression in myoblasts (Gutiérrez and Brandan, 2010), and MyoD, 
myogenin, MRF4, and Pax7 expression in turkey SC (Shin et al., 2012a). Downregulation of 
glypican-1 has also been observed in post-hatch broiler chick muscle during feed deprivation, 
indicating it is responsive to nutritional signals (Velleman and Mozdziak, 2005; Velleman et al., 
2010). These observations highlight the important regulatory effect of glypican-1 on SC activity, 
and therefore it’s utility as a marker of their myogenic differentiation. 
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3.4 Apoptosis 
Apoptosis is the process of programmed cell death, in contrast to the unregulated process 
of necrosis. It functions as a counterbalance to cell proliferation, and is an important regulator of 
cellular activity. Apoptosis is characterised by chromatin compaction and segregation, membrane 
blebbing, and nuclear fragmentation, resulting in cellular fragmentation and death (Sandri and 
Carraro, 1999). 
Apoptosis has been shown to occur as a result of muscle atrophy (Allen et al., 1997). An 
increased number of apoptotic nuclei are detected in skeletal muscle of feed-deprived chicks as 
early as 1 d post-hatch, contributing to reduced myofibre size by 3 d post-hatch (Pophal et al., 
2003). Apoptosis therefore counteracts the contribution of SC to hypertrophy in muscle during 
starvation, by removing myonuclei from muscle fibres, reducing their DNA content and protein 
synthesis capacity (Mozdziak et al., 2002a).  
Reduced dietary protein and amino acid levels provided in the post-hatch period have 
also been associated with increased myonuclear apoptosis, indicating myonuclei content is 
sensitive to specific nutrient manipulations (Nierobisz et al., 2009). Apoptotic signalling is also 
directly increased in SC by nutritional restriction, as reported in SC extracted from broilers 
intermittently fed from 1 to 14 d compared to those which were provided ad libitum feed from 12 
to 14 d (Li et al., 2012). This was determined by an increase in the ratio of the pro-apoptotic gene 
Bax, to the anti-apoptotic gene Bcl-2, which is indicative of an increased susceptibility to 
apoptotic signalling (Oltvai et al., 1993). Apoptosis of SC may therefore affect their contribution 
to muscle development following nutrient restriction, in addition to altered regulation of their 
proliferation and differentiation.  
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3.5 Fat formation in muscle 
Intramuscular fat, or adipose tissue, is an important consideration in muscle grown for 
meat consumption. In some species it is a sought after characteristic, for example in beef, where 
intramuscular adipose tissue deposition is referred to as ‘marbling’. Specifically, the level of 
lipid in beef meat required to achieve consumer acceptance was determined to be between 3 and 
7.5 % (Savell and Cross, 1988). Conversely in broilers, the percentage of intramuscular adipose 
tissue is low, especially in the breast meat where it has been reported to be between 2.8 % to less 
than 1 % among different breeds (Abeni and Bergoglio, 2001; Rondelli et al., 2003; Hocquette et 
al., 2010). This lean product quality associated with poultry breast meat is a crucial component 
of its marketability as a health conscious product (Kennedy et al., 2004).  
It has been hypothesised that post-hatch feeding management can influence intramuscular 
adipose tissue deposition in the breast muscle, potentially due to altered SC activity (Velleman et 
al., 2010, 2014b). The role of post-hatch nutrition and SC activity in the occurrence of 
intramuscular adipose tissue in breast meat therefore warrants further investigation, due to its 
potential commercial significance. 
3.5.1 Satellite cell transdifferentiation 
Traditionally, SC were believed to be unipotent myogenic precursors. However, more 
recent work has indicated they are multipotent stem cells able to follow alternate pathways to 
form adipocytes as well as chondrocytes (Asakura et al., 2001; Shefer et al., 2004). 
 The biological relevance of the adipogenic differentiation potential of SC is unclear. 
However, earlier and more expansive intramuscular adipose tissue deposition has been observed 
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in broiler breast muscle following a 20 % feed restriction for the first 2 weeks post-hatch 
(Velleman et al., 2010). Subsequently, increased intramuscular adipose tissue deposition and 
expression of the adipogenic regulatory genes peroxisome proliferator-activated receptor gamma 
(PPARγ), and CCAAT/enhancer-binding protein alpha (C/EBPα) was reported only when feed 
was restricted in the first, but not second week post-hatch (Velleman et al., 2014b). The 
increased expression of these adipogenic regulators is concurrent to the downregulation of 
myogenic differentiation following feed restriction or deprivation in the first week post-hatch 
(Halevy et al., 2000, 2003; Velleman et al., 2010, 2014a). This reduced myogenic signalling may 
result in adipogenic transdifferentiation of some portion of the uncommitted SC population.  
The adipogenic potential of SC may also be linked to increased growth rates in modern 
poultry breeds. Significantly higher levels of PPARγ, C/EBPα, and stearoyl-CoA desaturase 
(SCD) have been reported in both turkey breast muscle selected for increased growth rates, and 
SC isolated from the growth selected turkey breast muscle, compared to a random bred control 
line (Velleman, 2014). However, it is also possible that SC may express adipogenic genes 
without converting to adipocytes, which has been reported to result in lipid droplet formation 
within myotubes (Chung and Johnson, 2009).  
3.5.2 Peroxisome proliferator-activated receptor gamma 
Peroxisome proliferator-activated receptor gamma is a ligand-regulated member of the 
nuclear hormone receptor superfamily. Similar to the importance of MyoD to myogenesis, 
PPARγ is a master regulator of adipogenesis. It is a critical transcription factor expressed early in 
the process of adipogenic differentiation, without which adipogenesis does not occur (Rosen et 
al., 1999). Expression of PPARγ is critical in all aspects of mature adipocyte development, 
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including lipid accumulation, morphological changes, and the acquisition of insulin sensitivity 
(Rosen et al., 2000).  
It has been reported that ectopic expression of PPARγ in conjunction with C/EBPα in 
myoblasts facilitates their adipogenic transdifferentiation, and the down-regulation of MRF (Hu, 
et al., 1995). Therefore, the upregulation of PPARγ and C/EBPα in breast muscle tissue 
following post-hatch feed restriction reported by Velleman et al. (2014b), suggests that the 
subsequent increase in intramuscular adipose tissue deposition may have been contributed to by 
transdifferentiating SC. Expression of PPARγ is consequently a key marker to investigate if 
transdifferentation of SC is occurring under nutrient restricted conditions.  
3.5.3 Stearoyl-CoA desaturase 
Stearoyl-CoA desaturase is a fatty acid desaturase (lipogenic enzyme) that catalyses the 
synthesis of monounsaturated fatty acids, mainly for the production of palmitoleate and oleate. It 
is a key rate limiting enzyme in this process through its insertion of a cis-double bond into fatty 
acid substrates (Kim and Ntambi, 1999). Palmitoleate and oleate production is important as these 
are the major constituents of membrane phospholipids and triacylgycerol stores in differentiated 
adipocytes (Berry, 1997).  
During stimulation of adipocyte differentiation, expression of SCD mRNA has been 
observed to increase ~100-fold (Kim et al., 2000), and its expression has been correlated with 
adipose tissue accumulation in mice (Lee et al., 2003). Conversely, the knockout of the SCD-1 
gene in a mouse model reduces body adiposity (Ntambi et al., 2002). Stearoyl-CoA desaturase 
therefore functions as a marker of terminal adipogenesis, due to its necessary role in triglyceride 
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production, which is important for lipid droplet formation late in the differentiation process 
(Ntambi and Young-Cheul, 2000). 
 
4. COMMERCIAL FACTORS AFFECTING SATELLITE CELL 
ACTIVITY AND MUSCLE DEVELOPMENT 
The nutritional status of broiler chicks can be significantly affected by commercial 
management practices in the immediate post-hatch period related to chick hatch time, their 
timing of access to feed, and the nutrient composition of feed they receive. These represent 
potential areas to improve post-hatch broiler management, by considering the activity of the SC 
at this time and their effect on breast muscle development. 
 
4.1 Hatch Time 
The duration of embryonic development is generally between 468 to 516 h in broiler 
chicks, with chicks emerging from the shell throughout the final 24 to 48 h window of 
incubation. The spread of the hatch window is affected by a multitude of factors such as the age, 
health, and nutrition of the breeder flock, incubation conditions such as temperature, humidity, 
ventilation, and CO2 levels, as well as the duration of egg storage before incubation (Bergoug et 
al., 2013). Optimal management of these factors can reduce, but not eliminate, the variability in 
individual chick hatch time. The hatchlings are held in the incubator until a majority of chicks 
have cleared the shell. Early hatching individuals are therefore disadvantaged, as they face an 
extended duration without access to feed and water before removal from the incubator.  
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Generally, the hatching weight of chicks from a single parent flock is uniform regardless 
of hatch time, but subsequent growth rates have been demonstrated to vary between earlier and 
later hatching chicks (Careghi et al., 2005; van de Ven et al., 2011, 2013; Lamot et al., 2014; 
Wang et al., 2014). Post-hatch feed deprivation has been shown to negate or alter growth rate 
differences of earlier versus later hatching chicks (Careghi et al., 2005; van de Ven et al., 2011, 
2013; Wang et al., 2014), and in a similar manner, mask interfamilial genetic potential of 
neonate chicks (Bigot et al., 2003). Therefore, hatch time based developmental differences will 
likely be more apparent when feed is immediately available post-hatch. 
Despite the uniform body weight of hatchlings, later hatching chicks and poults appear to 
be more mature at the moment of hatch based on increased organ weights and decreased yolk 
weights (Fairchild and Christensen, 2000; van de Ven et al., 2011, 2013). Levels of the thyroid 
hormones triiodothyronine (T3), and thyroxine (T4) are also significantly lower in late hatched 
chicks, which has been linked to reduced chick quality and performance to 7 d (Decuypere et al., 
1990; Buys et al., 1998; Careghi et al., 2005; van de Ven et al., 2011). Triiodothyronine also 
affects SC activity, depressing cellular proliferation as a result of accelerating differentiation and 
myotube development (Marchal et al., 1993; Cassar-Malek et al., 1999). Therefore, variable 
thyroid hormone levels amongst earlier and later hatching chicks may potentially affect muscle 
development.  
Chick hatch time has been demonstrated to specifically influence muscle growth. In 18 d 
old broilers it was reported that early hatched birds had increased relative breast weight 
compared to late hatched birds (Lamot et al., 2014). Conversely, increased relative breast weight 
has also been reported in late hatched chicks at 2 and 5 d (Wang et al., 2014). These conflicting 
Chapter 2                   Literature review 
 
 
 
 
 
72 
 
reports are likely a result of Wang et al. (2014) measuring bird age based on the time since the 
moment of hatch (referred to as biological age).  
In comparison, Lamot et al. (2014) considered all birds to be 0 d of age at the end of the 
hatch window (referred to as chronological age). Therefore, when measurements were taken in 
the study reported by Wang et al. (2014), the late hatched birds were chronologically at least 16 
h younger than the early hatched birds. This would significantly affect breast muscle weight at 
that age. Supporting this assertion, Careghi et al. (2005) demonstrated that these two methods 
can present starkly contrasting results, reporting increased relative growth in late hatched birds 
when immediate access to feed was provided, based on biological age, and increased growth in 
early hatched birds when access to feed was delayed by 48 h based on chronological age.  
Therefore, the definition of bird age must be considered when interpreting hatch time 
data. As chronological age reflects bird management and categorisation commercially, this is a 
more relevant method of reporting commercially relevant data. No other data on the influence of 
hatch time on muscle development, or specifically SC activity is currently available. This area of 
production could benefit from further investigation, to allow for more informed management of 
post-hatch chicks.  
 
4.2 Access to feed 
Chickens are precocial, meaning they will forage for feed almost immediately upon 
hatching. In addition to the important contribution of the SC population to muscle development 
in the immediate post-hatch period as described previously, the chicken undergoes major 
physiological and metabolic changes at this time. This includes the development of immune 
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system competence (Mast and Goddeeris, 1999) and the maturation of thermoregulatory systems 
to allow birds to maintain their body temperature (Nichelmann and Tzschentke, 2002). 
Additionally rapid growth of the gastrointestinal tract (GIT) occurs at this time, which is 
reflected by an increase in the overall weight and length of the GIT, and individual villi length 
and area (Uni et al., 1999).  
Timely access to feed and water is critical in supporting post-hatch chick development. 
Delayed access to feed negatively impacts body and breast muscle weight gain and myofibre 
hypertrophy (Noy and Sklan, 1999; Halevy et al., 2000, 2003; Kornasio et al., 2011). This is 
contributed to by the depletion of glycogen stores in the embryo during the hatching process 
(Christensen et al., 1982; Lu et al., 2007), which results in increased gluconeogenesis and 
atrophy of muscle tissue as a source of energy, until access to feed is provided (Vieira and 
Moran, 1999; Chen et al., 2013). Additionally, intestinal development (Noy et al., 2001; Bigot et 
al., 2003), carbohydrate and amino acid absorption (Noy and Sklan, 2001), and immunological 
function (Dibner et al., 1998; Juul-Madsen et al., 2004) are impaired by delayed access to feed. 
Yolk utilisation is also decreased in fasted chicks, with reduced uptake to the small intestine 
(Noy et al., 1996; Noy and Sklan, 2001). 
Delayed access to feed also has a significant effect on SC activity and subsequent 
myonuclear accretion, underlying the impairment of muscle development. Delaying access to 
feed for 24-36 h post-hatch depresses SC mitotic activity in both chicks (Halevy et al., 2000; 
Kornasio et al., 2011), and poults (Mozdziak et al., 2002b; Halevy et al., 2003), and also induces 
myonuclear apoptosis (Mozdziak et al., 2002a). Partial feed restriction appears to have a similar 
effect based on the downregulation of the MRF myogenin, and reduced breast muscle size 
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following a 20 % feed restriction for the first week (Velleman et al., 2014a), or the first two 
weeks (Velleman et al., 2010) post-hatch. However, muscle growth and myogenic gene 
expression were not impaired when a 20 % feed restriction was applied during the second week 
post-hatch only (Velleman et al., 2014a). This highlighted the specific sensitivity of muscle 
development during the period of maximal SC activity in the first week post-hatch. Partial feed 
restriction during this period has also been reported to diminish both endomysial and perimysial 
connective tissue spacing in the breast muscle of birds through to slaughter age (Velleman et al., 
2010, 2014a). Restricting nutrient availability therefore affects not only muscle fibre hypertrophy 
but also connective tissue organisation. This could potentially contribute to muscle fibre 
degeneration, and the occurrence of meat abnormalities as previously outlined.  
In chickens and turkeys, peak SC activity occurs in the first week post-hatch, though this 
peak can be delayed by denying chicks or poults access to feed for the first 48 h post-hatch 
(Halevy et al., 2000, 2003; Moore et al., 2005b). A delayed peak in myogenin expression has 
been reported when a partial feed restriction is applied in the first week post-hatch (Velleman et 
al., 2010, 2014a), indicating differentiation of the SC was delayed. However, a concurrent 
increase in MyoD and syndecan-4 expression during the partial feed restriction suggested the SC 
were still activated and undergoing proliferation. Together the expression of these regulatory 
genes indicated that SC proliferation and differentiation are differentially affected by nutritional 
restriction. Following nutrient restriction, breast muscle growth was transiently, or permanently, 
reduced in all the aforementioned studies, and never exceeded that of control birds. These reports 
indicated that a delayed peak in SC activity, and compensatory increase in SC proliferation, do 
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not fully compensate for earlier reductions in myonuclear accretion experienced due to post-
hatch nutrient restriction. 
The impact of delayed access to feed on muscle development has been extensively 
investigated in broiler development due to commercial constraints in providing feed and water 
immediately post-hatch. At commercial hatcheries, chicks can undergo sexing, vaccination, 
packaging, and then transport to the grower farm before they first receive food and water. The 
duration of this process is variable, depending on the hatchery procedures and distance from the 
grower farm. It can result in up to a 48 hr interlude from the time the chicks are removed from 
the incubator until they are placed in the shed at the grower farm. This duration is then even 
longer for earlier hatched chicks due to the 24 to 48 h window over which birds hatch in the 
incubator, as discussed earlier. This can result in earlier hatching birds losing weight between the 
time of hatch and take-off from the incubator (Tong et al., 2015).  
Several methods have been investigated to bridge this nutritional gap before placement 
on farm, including in ovo feeding. In ovo feeding involves the injection of a nutrient solution into 
the amnion during incubation. This solution is consumed by the embryo before hatch, and has 
been demonstrated to increase both body weight and absolute muscle growth in chickens until 35 
d (Tako et al., 2004; Uni et al., 2005; Kornasio et al., 2011). Research is ongoing to further 
develop in ovo feeding to facilitate its use commercially (Kadam et al., 2013).  
Another method which has been investigated is that of hatchery feeding. The provision of 
nutrients in transport trays at the hatchery, and during transport has been demonstrated to 
increase body weight gain at 7 d, but not 37 d in broilers (Kidd et al., 2007). Additionally, Sklan 
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et al. (2000) reported improved growth and uniformity of birds up to 21 d following the 
provision of feed in hatching trays. 
 Alternate commercial brooding systems have also been developed to provide chicks with 
immediate access to feed and water upon emergence from the shell. For example the ‘Patio’ 
system by Vencomatic, described in van de Ven et al. (2009), has been shown to accelerate the 
physiological development of chicks compared to those under standard hatchery management 
(van de Ven et al., 2013). Alternate brooding system technologies are commercially available, 
with the Patio system reported to accommodate 25 million bird places commercially worldwide 
(Vencomatic, 2015). However, implementation of such a system can require substantial 
alteration to current hatchery management and bird transport systems, which may act as 
disincentives for their use. These alternative feeding and management techniques demonstrate 
that scope exists to improve current perinatal commercial broiler management, with the potential 
to accelerate post-hatch broiler growth for only a small nutrient investment. 
 
4.3 Dietary nutrient composition 
In addition to the benefit of timely access to feed and water, the nutritional composition 
of diets is also important for overall growth and muscle development. Provision of non-nutritive 
bulk immediately after hatch in the form of saw-dust, or water, transiently enhanced chick body 
and breast muscle weight compared to those withheld from feed for 36 h (Noy and Sklan, 1999). 
However, access to solid, semi-solid, or liquid nutrients were required to permanently improve 
growth.  
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In recent years, there has been increased interest in the formulation of ‘pre-starter’ diets, 
tailored to meet the nutritional requirements of the chick in the first week post-hatch, as opposed 
to the provision of ‘starter’ diets from hatch through to 10 to 15 d. An important driver of this 
interest is that due to the immaturity of the newly hatched chick’s GIT, the digestibility of 
nutrients in solid feed is reduced compared to older birds (Noy and Sklan, 2001; Batal and 
Parsons, 2002, 2003, 2004). Therefore, highly digestible ingredients or increased dietary nutrient 
levels are required by the young chick, compared to older broilers. Chick bodyweight at 7 d of 
age has been identified as a useful predictor of body weight at slaughter age, with a correlation of 
0.4 to 0.5 (Willemsen et al., 2008). Therefore, maximising chick growth rates during the 
immediate post-hatch period by diet optimisation is an important consideration, due to the 
potential for a small volume of nutrients post-hatch to affect broiler growth through to slaughter 
age. 
Chick growth during the pre-starter period is most notably effected by dietary protein 
(Swennen et al., 2010), which has a significant stimulatory effect on muscle protein synthesis 
(Yaman et al., 2000). Additionally, growth rates and breast meat yield have been reported to 
plateau at significantly higher dietary lysine and sulphur amino acid concentrations when the 
dietary crude protein level was increased above 230 g/kg of diet (Sklan and Noy, 2003; Vieira et 
al., 2004). Further to this, the amino acid requirement to maximise body weight gain is less than 
that to optimise feed conversion ratio, while both are lower than the requirement for maximum 
breast meat yield (Vieira and Angel, 2012). Breast meat yield and muscle development therefore 
requires specific attention with regard to dietary amino acid levels.  
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Amino acids act as signal mediators, stimulating the mammalian target of rapamycin 
(mTOR)/ribosomal protein S6 kinase (S6K1) pathway which regulates the initiation of protein 
translation (Tesseraud et al., 2011). Several studies have also established that both mTOR protein 
complex 1 and 2 signalling are involved in the regulation of myoblast and SC differentiation 
(Shu and Houghton, 2009; Pollard et al., 2014; Dai et al., 2015). Nutritional regulation of this 
pathway has been demonstrated by the upregulation of S6K1 in the breast muscle of chicks 
provided a high protein compared to low protein pre-starter diet (Everaert et al., 2010). 
Additionally, the mTOR/S6K1 pathway is the most active and responsive to amino acid 
availability in the neonatal period, and this responsiveness decreases with age as reported in 
piglets (Suryawan et al., 2007), and broiler chicks (Deng et al., 2014). This further emphasises 
the benefit of specifically optimising dietary composition in the immediate post-hatch period. 
Amino acid availability also regulates protein catabolism via mTOR and downstream expression 
of the E3 ubiquitin ligase atrogin-1. Increased amino acid availability decreases protein 
catabolism, as observed in both myoblasts (Herningtyas et al., 2008), and muscle fibroblasts 
(Tesseraud et al., 2007). This regulation is significant as the ratio between protein synthesis and 
catabolism determines the actual rate of muscle protein deposition.   
Methionine is the first limiting amino acid in virtually all poultry diets, as many 
commercial producers utilise sulphur amino acid deficient soybean meal as a protein source 
(Baker, 2006). Methionine availability is therefore an essential consideration in poultry diet 
formulation as it is required to initiate all protein synthesis (Kozak, 1983). Lysine is also an 
important amino acid in the broiler diet as it has a critical effect on carcass composition and 
muscle protein turnover (Tesseraud et al., 1996, 2001). 
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The potential for dietary amino acid composition to regulate SC activity and subsequently 
influence muscle development has received little attention. Dangott et al. (2000) demonstrated 
that dietary creatine supplementation enhanced SC activity in rats with increased muscle 
functional activity. In poultry, slight deficiencies of lysine (Pophal et al., 2004), and crude 
protein plus lysine, methionine, cysteine, and threonine (Nierobisz et al., 2007), based on 
National Research Council guidelines (National Research Council, 1994), have also been 
reported to increase SC mitotic activity in neonatal muscle. However, the increased SC mitotic 
activity reported under the deficient supply of amino acids as described by Nierobisz et al. 
(2007), has been reported to increase myonuclear apoptosis (Nierobisz et al., 2009). This could 
explain why no increase in body weight or breast muscle yield was reported in either study, 
despite an increase in SC mitotic activity.  
Leucine is also a significant regulator of SC activity. In vitro, leucine starvation has been 
reported to decrease MRF expression and inhibit SC differentiation (Averous et al., 2012). 
Additionally, the inclusion of the leucine metabolite β-hydroxy β-methylbutyrate in a turkey pre-
starter diet increased both SC mitotic activity, and muscle fibre width at 24 and 48 h post-hatch, 
and body weight at 7 d of age, although the subsequent effect till slaughter age was not 
determined (Moore et al., 2005b).  
These studies show that a significant SC response can be obtained following specific 
nutrient manipulations in the pre-starter period. However, a better understanding of this 
relationship could be utilised in diet formulation to increase muscle growth potential. 
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5. CONCLUSION 
Optimal management during the immediate post-hatch period is critical to maximising 
broiler muscle growth through to slaughter age. However, from the literature it is apparent that 
the potential for dietary nutrient composition to regulate SC activity is not well-understood. 
Protein is a critical macronutrient affecting post-hatch chick growth, and specifically, muscle 
development. An improved understanding of SC regulation by dietary protein and amino acid 
availability may allow for the formulation of pre-starter diets that facilitate increased muscle 
growth potential. Improving this understanding therefore comprised one of the aims of this 
thesis. 
It is also apparent from the literature that the time at which a diet is provided to the chick 
in the immediate post-hatch period is critical to SC function. The provision of feed to the chick 
following its removal from the incubator and transport to the grow-out farm is nominally 
considered immediate access to feed. However, this constitutes an extended period of feed 
deprivation for earlier hatching birds. Additionally, a number of reports have indicated that 
inherent physiological differences exist among hatchlings based on the incubation duration of 
individual chicks. These variables may influence SC activity and muscle growth potential, 
affecting hatchling development and flock uniformity. Therefore, quantifying the impact of these 
aspects of commercial hatchery management on SC activity and breast muscle development was 
also an aim of this thesis.  
Another important consideration is that SC can reportedly undergo adipogenic 
transdifferentiation. It has also been suggested that following post-hatch feed restriction, SC may 
contribute to increased intramuscular adipose tissue deposition. Increased intramuscular adipose 
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tissue deposition in the breast muscle would negatively affect the image and marketing of poultry 
breast meat as a lean meat. Therefore, determining the extent to which post-hatch nutrition 
modulates the adipogenic potential of SC and intramuscular adipose tissue deposition was the 
final aim of this thesis. An improved understanding of this relationship may indicate how 
hatchery managers and chicken meat producers can influence this aspect of muscle morphology.   
Several important intra- and extracellular regulators of the SC population were detailed in 
this review. Due to their association with different aspects of SC activity, they can be utilised as 
markers of the myogenic process. Paired box 7 acts as a marker of quiescent and proliferating 
SC. Both MyoD and syndecan-4 are highly expressed in, and are therefore markers of, SC 
proliferation, while glypican-1 and myogenin fulfil a similar role for differentiating SC. Lastly, 
decorin has been demonstrated to variably regulate both SC proliferation and differentiation, and 
is reportedly upregulated during their differentiation. Additionally, PPARγ and SCD have been 
identified as potential markers of adipogenic SC transdifferentiation, due to their key roles in the 
adipogenic program. Peroxisome proliferator-activated receptor gamma has also been 
demonstrated to stimulate transdifferentiation of SC, while both genes are reportedly upregulated 
in breast muscle tissue prior to increased intramuscular adipose tissue deposition.  
Together, these markers provide information on the whole myogenic SC program, as well 
as their potential adipogenic transdifferentiation. The expression of these genes was therefore 
analysed in some of the experiments comprising this thesis, to infer how the SC population 
responds to the aforementioned commercial considerations investigated. 
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OVERVIEW OF CHAPTER 3 
In the review of the literature (Chapter 2), the critical role of the satellite cell population in 
muscle development was outlined. The regulation of myogenic satellite cell activity by dietary 
nutrient composition was highlighted as a potentially important consideration for immediate 
post-hatch muscle development, requiring further investigation. Some studies have investigated 
this relationship previously, however their conclusions were equivocal. To further investigate 
this relationship, the experiment presented in Chapter 3 utilised a cell culture model to quantify 
how dietary nutrient availability affects satellite cell proliferation, differentiation, and fusion to 
form multinucleated myotubes. Dietary protein, and therefore amino acid availability have been 
highlighted as critical dietary components regulating muscle development (Chapter 2). 
Therefore, variable inclusion of the sulphur amino acids methionine and cysteine was employed 
in the cell culture model to simulate a dietary protein deficiency. 
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ABSTRACT 
Early posthatch satellite cell (SC) mitotic activity is a critical component of muscle 
development and growth. Satellite cells are stem cells that can be induced by nutrition to follow 
other cellular developmental pathways. The objective of the current study was to determine the 
effect of restricting protein synthesis on the proliferation and differentiation of SC, using variable 
concentrations of Met and Cys to modulate protein synthesis. Broiler pectoralis major SC were 
cultured and treated with 1 of 6 different Met/Cys concentrations: 60/192, 30/96 (control), 
7.5/24, 3/9.6, 1/3.2, or 0/0 mg/L. The effect of Met/Cys concentration on SC proliferation and 
differentiation was measured, and myonuclear accretion was measured by counting the number 
of nuclei per myotube during differentiation. The 30/96 mg/L Met/Cys treatment resulted in the 
highest rate of proliferation compared with all other treatments by 72 h of proliferation (P < 
0.05). Differentiation was measured with Met/Cys treatments only during proliferation and the 
cultures receiving normal differentiation medium (R/N), normal proliferation medium and 
differentiation medium with variable Met/Cys (N/R), or both proliferation and differentiation 
receiving variable Met/Cys treatments (R/R). Differentiation responded in a dose-dependent 
manner to Met/Cys concentration under all 3 of these treatment regimens, with a degree of 
recovery in the R/N regimen cells following reinstatement of the control medium. Reductions in 
both proliferation and differentiation were more pronounced as Met/Cys concentrations were 
further reduced, whereas increased differentiation was observed under the increased Met/Cys 
concentration treatment when applied during differentiation in the N/R and R/R regimens. The 
number of nuclei per myotube was significantly decreased in the severely Met/Cys restricted 
treatments (P < 0.05). These data demonstrate the sensitivity of pectoralis major SC to nutritional 
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availability and the importance of optimal nutrition during both proliferation and differentiation 
for maximizing SC activity, which will affect subsequent muscle mass accretion. 
Key words: chicken, feed restriction, muscle, nutrition, satellite cell 
 
INTRODUCTION  
Embryonic skeletal muscle formation occurs through the proliferation and differentiation 
of myoblasts which fuse to form multinucleated myotubes and then differentiate into muscle 
fibers. At hatch, muscle fiber formation is complete (Smith, 1963) and subsequent muscle 
growth is dependent upon hypertrophy of existing myofibers (Moss, 1968; Mozdziak et al., 
1997). Muscle hypertrophy is facilitated by the myogenic stem cell population known as adult 
myoblasts or satellite cells (SC), which are located between the basement membrane and 
sarcolemma of skeletal muscle fibers (Mauro, 1961). Satellite cells contribute to hypertrophy by 
fusing with, and donating their nuclei to existing muscle fibers, leading to myonuclear accretion 
(Stockdale and Holtzer, 1961; Moss and LeBlond, 1971) and the potential for increased protein 
synthesis and muscle fiber growth through hypertrophy.  
In commercial hatcheries, chicks often rely on nutrients from the yolk during the hatching 
and immediate posthatch handling and transport period, which results in some birds not being 
exposed to feed until 48 h or more after hatch. Feed restrictions are recommended during the 
immediate posthatch period for up to 2 wk to help control several metabolic diseases such as 
ascites (Arce et al., 1992) and skeletal issues such as tibial dyschondroplasia (Lilburn et al., 
1989; Su et al., 1999). These conditions can cause significant problems in commercial flocks and 
their increased occurrence has been attributed to the substantial improvements in growth rates 
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seen in modern broilers due to genetic, nutritional, and environmental conditions (Lilburn et al., 
1989; Arce et al., 1992; Shim et al., 2012). Feed restrictions applied during the first 2 wk 
posthatch allow balance to be restored between supply and demand organs to reduce the 
incidence of these aforementioned conditions (Katanbaf et al., 1988; Acar et al., 1995). These 
restrictions can be applied, often without significant bird BW reductions, due to the phenomenon 
of compensatory growth. Compensatory growth occurs when the reduced growth rate 
experienced during a feed restriction leads to higher feed efficiency and growth rates when the 
restrictions are removed, though the extent of this recovery has been variable (Cherry et al., 
1978; Malone et al., 1980; Plavnik and Hurwitz, 1990).  
The immediate posthatch period when feed restrictions are administered coincides with 
the period of maximal SC activity in poultry (Halevy et al., 2000, 2003; Mozdziak et al., 2002b). 
This period is transient, lasting only the first week posthatch, after which SC activity rapidly 
declines (Moss et al., 1964; Halevy et al., 2000, 2003; Velleman et al., 2010). During this period, 
SC activity is very sensitive to environmental and nutritional status (Fauconneau and Paboeuf, 
2000; Halevy et al., 2000, 2001; Mozdziak et al., 2002a,b) with short-term feed deprivation 
causing permanent reductions in myonuclear accretion and muscle development. Halevy et al. 
(2000) also showed through variable 2-d feed deprivations that the closer this period is to hatch, 
the lower the birds’ ability for subsequent compensatory growth response, whereas restrictions 
from d 4 to 6 posthatch were recoverable.  
Velleman et al. (2010) showed that feed restrictions during the first 2 wk posthatch 
period resulted in altered pectoralis major muscle structure, increased necrosis and fat deposition, 
increased MyoD expression, and decreased myogenin expression in broilers. MyoD and 
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myogenin are myogenic transcriptional regulatory factors that are critical in SC activity and are 
highly expressed during the first week posthatch (Velleman et al., 2010). Expression of MyoD is 
necessary for proliferation and the initiation of differentiation via cell cycle arrest and myogenin 
activation (Weintraub, 1993). Myogenin expression is required for differentiation of myoblasts 
into fully differentiated myotubes (Weintraub, 1993), and its downregulation suggests that 
proliferating SC are blocked from differentiation. It was hypothesized by Velleman et al. (2010) 
that the upregulation of MyoD during the feed restriction suggests that the SC are trying to 
compensate for the lack of differentiation by increasing the pool of SC available to differentiate.  
To investigate the role of nutrient restrictions on SC proliferation and differentiation, 
isolated broiler pectoralis major SC protein synthesis was regulated in vitro to assay the effects 
of dietary restrictions directly on the SC without the interference of other cell types found in 
muscle. To create nutritional conditions representative of nutrient restrictions in vivo, Met 
concentration levels were varied, which would compromise cellular protein biosynthesis because 
Met is an essential amino acid unable to be synthesized in chickens (Scott et al., 1982). Diluting 
the basal medium to restrict nutrients was not feasible because this would cause osmotic pressure 
disturbances that would be deleterious to the cells. In the Met-limited media, amino acids are 
likely extensively degraded by the SC because protein synthesis will be compromised. Cysteine 
concentration was also altered in the media, proportionally to Met, to limit the transsulfuration of 
Met to produce Cys, which is a conditionally essential amino acid only synthesizable from Met 
(Scott et al., 1982). Cysteine is critical for protein structure in the formation of disulfide bonds, 
and its dietary inclusion has been shown to reduce Met requirements (Baker, 2006). The results 
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from this study provide new information correlating the relationship between protein availability 
and SC proliferation, differentiation, and myonuclear accretion. 
MATERIALS AND METHODS 
Chicken Myogenic Satellite Cells 
Satellite cells were previously isolated from the pectoralis major muscle of 5-wk-old 
female Cornish Rock broiler chickens using a Quixell cell manipulator robotic system (Stoelting 
Co., Wood Dale, IL) to isolate single SC (McFarland et al.,1997). 
Met Restriction Treatments 
Six different proportional Met and Cys treatments were used to investigate the cellular 
response of SC to altered protein availability as part of defined feeding media (Table 1). These 
treatments consisted of the control concentration of 30 mg/L Met and 96 mg/L Cys, which 
represents the optimal level of these amino acids as present in standard Dulbecco’s modified 
Eagle’s Medium (DMEM; Sigma-Aldrich, St. Louis, MO). One treatment of excess Met and 
Cys was included at 60 mg/L Met and 192 mg/L Cys to investigate the effect of additional 
supplementation along with 4 restriction treatments consisting of 7.5, 3, 1, and 0 mg/L Met and 
24, 9.6, 3.2, and 0 mg/L Cys, respectively. 
Proliferation Assay 
The chicken pectoralis major SC were plated at a density of 10,000 cells per well in 0.1% 
gelatin-coated 24-well plates (Greiner BioOne, Monroe, NC). These cells were grown for 24 h in 
plating medium consisting of DMEM containing 10% chicken serum (Gemini BioProducts, West 
Sacramento, CA) and 5% horse serum (Gemini BioProducts), 1% antibiotics-antimycotics 
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(Gemini BioProducts), and 0.1% 
gentamicin (Gemini BioProducts) 
at 38°C in a 95% air, 5% CO2 
incubator. After 24 h, the cultures 
were washed twice with 0.5 mL of 
l-Glu, l-Met, and l-Cys free 
DMEM (Met-free DMEM; 
Corning-Cellgro Corp., Manassas, 
VA) followed by the addition of 
the defined feeding medium, the 
components of which are listed in 
Table 1, and the Met/Cys 
treatments with the medium being 
replaced every 24 h through 72 h 
of proliferation. Beginning at 24 h after plating, plates were removed at 24-h intervals for 72 h, 
rinsed with PBS, air-dried for 10 min, and stored at −70°C. The DNA concentration was 
determined using Hoechst 33258 fluorochrome by the method of McFarland et al. (1995) 
adapted from the fluorometric procedure described by Rago et al. (1990). The DNA 
concentration was measured on a Fluoroskan Ascent FL (Thermo-Electron Co., Waltham, MA). 
Brightfield images of the SC were captured for every treatment at each sampling time using an 
Olympus IX70 fluorescent microscope (Olympus America, Melville, NY) and a QImaging 
digital camera (QImaging, Burnaby, BC, Canada). 
Table 1. Defined media composition
1
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Differentiation Assay 
Chicken SC were plated at a density of 6,000 cells per well in 0.1% gelatin-coated 48-
well cell culture plates. For this assay 3 different experimental treatment regimens were used 
during proliferation and differentiation incorporating the Met/Cys modification treatments of 
60/92, 30/96 (control), 7.5/24, 3/9.6, 1/3.2, and 0/0 mg/L, respectively. They were 1) Met and 
Cys modifications during proliferation and normal culture conditions with 30 mg/L Met and 96 
mg/L Cys during differentiation (R/N); 2) Met and Cys modifications during both proliferation 
and differentiation (R/R); and 3) Met and Cys modifications during differentiation and normal 
culture conditions with 30 mg/L Met and 96 mg/L Cys during proliferation (N/R). The cells were 
plated and allowed to proliferate as described in the proliferation assay, using the 3 separate 
applications of the Met/Cys treatments. Once the control treatment cells (30/96 mg/L Met/Cys) 
reached 65% confluency, differentiation was initiated by changing to fusion medium consisting 
of Met-free DMEM, 3% horse serum, 1% antibiotics-antimycotics, 10 μg/mL of gentamicin 
(Gemini Bioproducts), 1 mg/mL of BSA (Sigma-Aldrich), 0.1 mg/mL of porcine gelatin (Sigma-
Aldrich), and 0.584 mg/mL of l-Glu (Sigma-Aldrich), and using the appropriate concentrations 
of Met and Cys. Beginning at 0 h of differentiation, plates were removed at 24-h intervals for 72 
h, rinsed with PBS, airdried for 10 min, and stored at −70°C until being assayed. Differentiation 
was evaluated by measuring the muscle-specific creatine kinase levels as modified from the 
method of Yun et al. (1997). A standard curve of creatine phosphokinase (Sigma-Aldrich) was 
prepared in a 48-well cell culture plate with a range of 0 to 40 U per well brought to a final 
volume of 0.5 mL in creatine kinase assay buffer [20 mM glucose (Fisher Scientific, Pittsburgh, 
PA), 10 mM Mg acetate (Fisher Scientific), 1.0 mM adenosine diphosphate (Sigma-Aldrich), 10 
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mM adenosine monophosphate (Sigma-Alrich), 20 mM phosphocreatine (Calbiochem, La Jolla, 
CA), 0.5 U/mL of hexokinase (Worthington Biochemical, Lakewood, NJ), 1 U/mL of glucose-6-
PO4 dehydrogenase (Worthington Biochemical), 0.4 mM thio-nicotinamide adenine dinucleotide 
(OYC Americas, Andover, MA), and 1 mg/mL of BSA prepared in 0.1 M glycylglycine (Sigma-
Aldrich), pH 7.5]. To the experimental plates, 0.5 mL of creatine kinase assay buffer was added 
to each well. The plates were wrapped in aluminum foil and incubated in the dark at room 
temperature for 10 min. The rate of thio-nicotinamide adenine dinucleotide reduction was 
determined by absorbance measurements at 5-min intervals for 20 min with a BioTek ELx800 
plate reader (BioTek, Winooski, VT) at an optical density of 405 nm. Brightfield images of the 
SC were captured for every treatment at each sampling time using an Olympus IX70 fluorescent 
microscope (Olympus America) and a QImaging digital camera (QImaging). 
Myotube Nuclei Counting 
From 0 h through 72 h of differentiation 48 well cell culture plates were removed every 
24 h for staining with 4’6-diamidino-2-phenylindole (DAPI; Biotium, Hayward, CA) for nuclei 
visualization to quantify nuclei numbers within individual myotubes. Cells were plated and 
induced to proliferate and differentiate with the same experimental design as described for the 
differentiation assay. Immediately after removal from the cell culture incubator, the plates were 
washed 2× with PBS and were fixed with 3% paraformaldehyde (Fisher Scientific) for 30 min in 
the dark. After fixation the plates were washed with PBS and incubated in 1 μg/mL DAPI in PBS 
for 5 min at room temperature. One to 2 drops of a 60:40 glycerol/PBS solution were added per 
well to prevent evaporation. Staining for DAPI was observed and digitally recorded with the 
Olympus IX70 fluorescent microscope (Olympus America) and a QImaging digital camera 
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(QImaging). Twenty myotubes at random were counted for their number of nuclei and separated 
into 4 categories based on those used by Velleman and McFarland (1999). These categories were 
separated by the number of nuclei per tube, 1, 2 to 4, 5 to 7, and >7 nuclei per myotube. This was 
repeated a second time and the number of myotubes per category were combined for a total of 40 
myotubes counted per treatment per sampling time per treatment regimen. 
Statistical Analysis 
All cell culture experiments were independently repeated to ensure consistency. Within 
each proliferation experiment, 4 replicates of each Met/Cys treatment were run, whereas 5 
replicates of each treatment were run for differentiation. The proliferation experiment was 
repeated a total of 6 times, whereas the differentiation and nuclei counting experiments were 
repeated 3 and 2 times, respectively, under each treatment regimen. All statistical analyses were 
performed using the PROC GLM of SAS (2010, SAS Institute Inc., Cary, NC). The proliferation 
and differentiation data included the fixed effect of Met/Cys treatment (5 df), and differences 
between Met/Cys treatments within each time period were detected using Tukey’s studentized 
range method. The myotube nuclei counting data statistical model included the fixed effects of 
Met/Cys treatment (5 df), myotube nuclei number category (3 df), and the Met/Cys × nuclei 
number category interaction (15 df). The Met/Cys effect was partitioned into linear and quadratic 
contrasts (adjusted for unequal treatment spacing). Differences between Met and Cys treatments 
within and between nuclei number category were determined using Tukey’s studentized range 
method. Differences in all analyses were considered significant at P < 0.05. 
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RESULTS 
Pectoralis major SC proliferation was affected by Met/Cys treatment with both increased 
and decreased levels of Met/Cys causing decreased proliferation compared with the control 
(30/96 mg/L Met/Cys). This was observed to begin at 24 h of proliferation for the 1/3.2 and 0/0 
mg/L Met/Cys concentration, 48 h of proliferation for the 3/9.6 mg/L Met/Cys, and 72 h of 
proliferation for the 60/192 and 7.5/24 mg/L Met/Cys treatments (Figure 1A). Differences were 
also observed in the cellular morphology of the cells between treatments (Figure 1B). As SC 
proliferate they become elongated with an elliptical phenotype. Prior to fusion, the cells align as 
highlighted by the arrows in Figure 1B, image b. Alignment was most prominent in the control 
30/96 mg/L Met/Cys treated cells (Figure 1B, image b), and less so in the higher and lower Met 
concentrations (Figure 1B, images a, c–f). The 0/0 mg/L Met/Cys treated cells did not align and 
had a rounded morphology (Figure 1B, image f).  
Chapter 3                                     Nutritional effects on satellite cell activity 
 
 
 
 
 
94 
 
 
Figure 1. Proliferation of pectoralis major satellite cells (SC) cultured with variable Met and Cys concentrations 
(Conc.). A) Proliferation was measured from 0 through 72 h of proliferation (P). Bars represent the SEM. Bars 
without a common letter (a–d) within times were significantly different (P < 0.05). B) Photomicrographs of SC at 72 
h of proliferation with the following Met and Cys treatments: a) 60 and 192 mg/L, b) 30 and 96 mg/L, c) 7.5 and 24 
mg/L, d) 3 and 9.6 mg/L, e) 1 and 3.2 mg/L, and f) 0 and 0 mg/L, respectively. Scale bar = 100 μm. The arrows in 
b) highlight SC that are aligning, whereas the arrow in f) highlights a SC with a rounded morphological structure. 
 
The differentiation of the pectoralis major SC was also affected by Met treatment and 
additionally by the experimental regimen used during proliferation and differentiation. In the 
R/R treatment, continual exposure to 60/192 mg/L Met/Cys significantly increased 
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differentiation at 72 h compared with the control 30/96 mg/L Met/Cys concentration (Figure 
2A). As shown in Figure 2B, image a, myotube formation was enhanced in the 60/192 mg/L 
Met/Cys treatment at 72 h of differentiation compared with the other experimental groups. As 
Met concentration was decreased, differentiation and myotube formation decreased. At the 1/3.2 
mg/L Met/Cys concentrations there was significantly reduced differentiation by 48 h (Figure 
2A), and the 0/0 mg/L Met/Cys treatment never differentiated into multinucleated myotubes 
(Figure 2B, image f). Differentiation was also measured by counting the number of nuclei per 
myotube at 0, 48, and 72 h of differentiation (Table 2). The 1/3.2 and 0/0 mg/L Met/Cys 
treatment groups did not form myotubes with 7 or more nuclei. The 0/0 mg/L Met/Cys treatment 
had significantly more single nucleated cells at 72 h of differentiation than the 30/96 mg/L 
treatment (P < 0.05).  
In the cell cultures treated with normal culture conditions (30/96 mg/L Met/Cys) during 
proliferation and then exposed to variable Met treatments during differentiation (N/R; Figure 
3A), the 60/192 mg/L Met/Cys treatment differentiated at a higher rate than the 30/96 mg/L 
treatment beginning at 48 h of differentiation. The 3/9.6 and 1/3.2 mg/L Met/Cys treatments 
decreased differentiation compared with the 30/96 mg/L treatment beginning at 48 h of 
differentiation. The restriction of Met just during differentiation at the 0/0 and 1/3.2 mg/L 
concentration began to inhibit differentiation at 24 h. Morphologically, myotube formation 
was inhibited by reducing Met/Cys concentration as shown at 72 h of differentiation (Figure 3B). 
Also as shown in Table 3, the 3/9.6, 1/3.2, and 0/0 mg/L Met/Cys treatment groups did not 
contain myotubes with 7 or more nuclei at 72 h of differentiation.  
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Figure 2. Differentiation of pectoralis major satellite cells (SC) cultured with variable Met and Cys concentrations 
during both proliferation and differentiation. A) Creatine kinase concentration was measured from 0 through 72 h of 
differentiation (D). Bars represent the SEM. Bars without a common letter (a–d) within times were significantly 
different (P < 0.05). B) Photomicrographs of SC at 72 h of differentiation under the following Met and Cys 
treatments: a) 60 and 192 mg/L, b) 30 and 96 mg/L, c) 7.5 and 24 mg/L, d) 3 and 9.6 mg/L, e) 1 and 3.2 mg/L, and 
f) 0 and 0 mg/L, respectively. Scale bar = 100 μm. The arrow highlights a myotube formed in the 60 mg/L Met and 
192 mg/L Cys treatment. 
 
In the SC cultures treated with variable Met treatments during proliferation and then 
returned to 30/96 mg/L Met/Cys during differentiation (R/N; Figure 4A), the 60/192 mg/L 
Met/Cys did not increase differentiation above that of the 30/96 mg/L Met/Cys as observed in 
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the R/R and N/R experimental groups. Differentiation in the 3/9.6 mg/L by 72 h of 
differentiation was at a level similar to the 30/96 mg/L group, indicating that differentiation was 
not permanently affected by the restriction of Met during proliferation. However, concentrations 
of Met/Cys lower than 3/9.6 mg/L during proliferation, 1/3.2 and 0/0 mg/L, did not return to 
normal levels of differentiation with the 30/96 mg/L Met/Cys being added to the differentiation 
medium. Figure 4B illustrates the cellular morphology of each of the treatments at 72 h of 
differentiation. Myotube formation was observable in each of the treatments through the 3/9.6 
mg/L Met/Cys. Minimal myotube formation was noted in the 1/3.2 and 0/0 mg/L Met/Cys 
treatments with the 0/0 mg/L treatment having significantly more single nucleated cells than the 
30/96 mg/L Met/Cys treatment. The 1/3.2 and 0/0 mg/L treatments both only formed 
multinucleated cells with 2 to 4 nuclei, whereas the 60/192 through 3/9.6 mg/L Met/Cys 
treatments were able to form multinucleated myotubes with 7 or more nuclei (Table 4). 
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Figure 3. Differentiation of pectoralis major satellite cells (SC) cultured with variable Met and Cys concentrations 
only during differentiation. A) Creatine kinase concentration was measured from 0 through 72 h of differentiation 
(D). Bars represent the SEM. Bars without a common letter (a–e) within times were significantly different (P < 
0.05). B) Photomicrographs of SC at 72 h of differentiation under the following Met and Cys treatments: a) 60 and 
192 mg/L, b) 30 and 96 mg/L, c) 7.5 and 24 mg/L, d) 3 and 9.6 mg/L, e) 1 and 3.2 mg/L, and f) 0 and 0 mg/L, 
respectively. Scale bar = 100 μm. 
 
DISCUSSION 
Several research studies have investigated the effects of feed manipulation on SC activity 
in posthatch chicks and poults, indicating the importance of early posthatch nutrition for 
subsequent muscle growth (Halevy et al., 2000, 2003; Mozdziak et al., 2002a,b; Pophal et al., 
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2004; Moore et al., 2005a,b; Velleman and Mozdziak, 2005; Nierobisz et al., 2007; Velleman et 
al., 2010, Li et al., 2012). From the studies of Halevy et al. (2000, 2001, 2003), Mozdziak et al. 
(2002a), Moore et al. (2005b), and Velleman et al. (2010), the immediate posthatch period in 
broilers has been identified as the most important period for maintaining SC activity and 
subsequent muscle growth. Satellite cells are sensitive to nutrition as detailed by Pophal et al. 
(2004) in their studies on SC mitotic activity in broilers fed differing levels of lysine. They 
showed that SC mitotic activity was elevated by a Lys-deficient diet from d 1 to 3 posthatch in 
the chick. 
In the present study, during both proliferation and differentiation, SC responded to 
decreasing concentrations of Met/Cys with decreased activity. Increasing the Met/Cys 
concentration above 30/96 mg/L also resulted in a reduction in SC proliferation, indicating this 
process may be sensitive to protein oversupplementation in addition to restriction, either of 
which results in an amino acid imbalance. Excess dietary amino acids have been shown to result 
in decreased nutrient metabolism and impaired muscle growth (Waldroup et al., 1976) as well as 
impaired SC mitotic activity in chicks (Pophal et al., 2004). Methionine has been shown to 
produce toxic levels of the metabolite homocysteine when in excess (Katz and Baker, 1975; 
Toue et al., 2006). Interestingly, the opposite effect of increased Met/Cys concentration was 
observed during differentiation where the 60/192 mg/L Met/Cys treatment caused an increase in 
differentiation indicating that the proliferating and differentiating SC have specific nutrient 
requirements, each with different optimal ranges of activity. This optimal level for differentiation 
appears to be higher than that of proliferating SC, likely due to the upregulation of myofibrillar 
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Figure 4. Differentiation of pectoralis major satellite cells (SC) cultured with variable Met and Cys concentrations 
only during proliferation. A) Creatine kinase concentration was measured from 0 through 72 h of differentiation (D) 
for all treatments. Bars represent the SEM. Bars without a common letter (a–d) within times were significantly 
different (P < 0.05). B) Photomicrographs of SC at 72 h of differentiation under the following Met and Cys 
treatments: a) 60 and 192 mg/L, b) 30 and 96 mg/L, c) 7.5 and 24 mg/L, d) 3 and 9.6 mg/L, e) 1 and 3.2 mg/L, and 
f) 0 and 0 mg/L, respectively. Scale bar = 100 μm. 
 
protein synthesis initiated by the fusion of SC into myotubes (Lin et al., 1994), which would 
increase the protein requirements of the cells at the onset of differentiation. An optimal Met/Cys 
concentration could not be determined from the current results during differentiation as no upper 
Met/Cys concentration depression was observed. In vivo, the processes of proliferation and 
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differentiation do not occur in isolation of each other, and therefore feed formulations must 
address both processes simultaneously.  
 In support of proliferation and differentiation being differentially affected by nutrition, 
Velleman et al. (2010) showed that a 20% growth restriction during the first 2 wk posthatch 
resulted in a downregulation of myogenin and glypican-1 expression, which are markers of 
differentiation, whereas MyoD and syndecan-4, which are markers of proliferation, were 
upregulated. These findings were hypothesized as indicating that SC proliferation was increased 
but subsequent differentiation was inhibited, as myogenin expression is necessary for myotube 
formation. The results from the present study show a direct effect of Met and Cys variability on 
SC proliferation and differentiation as the Velleman et al. (2010) study was in vivo and other cell 
types present in muscle could have affected gene expression. Therefore, maximizing SC activity 
requires a nutritional approach optimizing both proliferation and differentiation. Dietary 
requirements for optimizing SC growth and for maintaining a myogenic pathway may require 
more than just the starter and grower diets currently used. Moore et al. (2005a) suggested that the 
nutritional influence on SC activity the first few days posthatch may require formulating 
posthatch diets designed to maximize their activity. 
The processes of proliferation and differentiation facilitate the myonuclear accretion of 
nuclei within myotubes, which is critical during the immediate posthatch period to support 
muscle hypertrophy and growth (Mozdziak et al., 1997). The Met/Cys restrictions applied in 
both the R/N and N/R regimens affected differentiation in a similar manner to the R/R regimen 
demonstrating the importance of adequate nutrition. In vivo, reductions in myofiber nuclei 
numbers are thought to be retained as a permanent feature of the muscle, reducing muscle growth 
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potential (Halevy et al., 2000; Mozdziak et al., 2002b). Thus, the 1/3.2 and 0/0 mg/L Met/Cys 
treatments would result in limited muscle growth potential due to their limited amount of SC 
mediated differentiation and reduced myonuclei number. This emphasizes the importance of 
optimizing nutritional approaches through maximizing SC activity. Defining optimal nutritional 
requirements for optimizing SC activity in vivo is an important factor in commercial feed 
manipulations during the immediate posthatch period where nutrient restriction is advised to 
control several metabolic and skeletal issues (Lilburn et al., 1989; Arce et al., 1992; Su et al., 
1999). 
Several studies have highlighted the importance of optimal nutrition in the immediate 
posthatch period of broilers for BW, breast meat yield, and economic return (Noy and Sklan, 
1999; Kidd et al., 2004, 2005). Similarly, the results from the present study suggest that SC 
likely respond to a critical range of nutritional availability outside of which both proliferation 
and differentiation are altered. Decreased proliferation will reduce the available pool of SC to 
form multinucleated myotubes and decreased differentiation will limit myotube development, 
subsequent muscle fiber formation, and muscle mass accretion. This effect is then compounded 
when the restrictions on these 2 processes are considered together as seen by the more severe 
reductions in differentiation in the R/R experimental regimen as opposed to the N/R regimen. In 
the R/N treatment, some recovery was observed during differentiation when compared with the 
R/R regimen following the reintroduction of Met/Cys at 30/96 mg/L. However, the effects of the 
1/3.2 and 0/0 mg/L Met/Cys restrictions could not be overcome. Thus, incorporating the nutrient 
requirements of all stages of the SC myogenic process in developing optimal nutritional 
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regimens could contribute to maximizing muscle mass accretion. This will require further 
research into the effects of nutrient regulation on SC function both in vitro and in vivo. 
The effects of nutrition on SC activity extend beyond just proliferation, differentiation, 
and muscle fiber formation as SC are multipotential stem cells. Satellite cells are capable of 
following either myogenic, osteogenic, or adipogenic lineages under certain conditions (Asakura 
et al., 2001) and have been observed to spontaneously adopt an adipogenic program (Shefer et 
al., 2004). Velleman et al. (2010) demonstrated the occurrence of earlier and more extensive 
intramuscular fat deposition in broilers following a feed restriction the first 2 wk posthatch, 
which may be attributed to redirection of SC fate. Further, in vitro investigations on the SC will 
provide insight into SC transdifferentiation to an adipogenic lineage in response to nutrient 
restriction. This is an important aspect of broiler production to understand in addition to meat 
yield potential due to the lean, low fat image of chicken breast meat, which is important to many 
consumers. 
In conclusion, deviations from the control level of Met/Cys concentration in pectoralis 
major SC cultures decreased proliferation, whereas differentiation responded in a dose-
dependent manner. However, both of these processes were affected in an increasingly severe 
manner as Met/Cys concentration was reduced. Myonuclear accretion was also found to vary 
dependent on Met/Cys treatment, likely as a result of their effect on proliferation and 
differentiation. The variable experimental regimens employed indicate that suitable nutrition 
levels are required during both proliferation and differentiation for optimal SC differentiation 
and multinucleated myotube formation. 
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OVERVIEW OF CHAPTER 4 
The in vitro satellite cell culture model utilised in Chapter 3 demonstrated that satellite cell 
proliferation, differentiation, and myotube formation are negatively affected by impaired 
methionine and cysteine availability, while excess methionine and cysteine also impaired 
satellite cell proliferation. The literature review in Chapter 2 identified that cellular apoptosis is 
an important regulator of cell activity and has been linked to the nutritional regulation of 
myonuclear accretion. A follow up experiment was therefore undertaken, as presented in Chapter 
4, which investigated the role of apoptosis in the nutritional regulation of satellite cell activity 
observed in the previous experiment (Chapter 3), utilising the same cell culture model. It was 
also highlighted in the literature review that satellite cells, as a stem cell population, can undergo 
adipogenic transdifferentiation, a process which has been hypothesised to contribute to 
intramuscular adipose tissue deposition in birds with impaired post-hatch access to feed (Chapter 
2). The experiment presented in Chapter 4 therefore also investigated the potential adipogenic 
transdifferentiation of satellite cells as a result of altered dietary nutrient availability. These 
factors were considered in satellite cells isolated from both the glycolytic pectoralis major, and 
oxidative/glycolytic biceps femoris muscle fibres, respectively. This was a consideration as it has 
been demonstrated that muscle fibre type of origin can affect satellite cell activity (Chapter 2), 
and may therefore be a significant factor to consider when investigating their nutritional 
regulation. 
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ABSTRACT 
Satellite cells (SC) are multipotential stem cells that can be induced by nutrition to alter 
their cellular developmental fate, which may vary depending on their fiber type origin. The 
objective of the current study was to determine the effect of restricting protein synthesis on 
inducing adipogenic transdifferentiation and apoptosis of SC originating from fibers of the fast 
glycolytic pectoralis major (p. major) and fast oxidative and glycolytic biceps femoris (b. 
femoris) muscles of the chicken. The availability of the essential sulfur amino acids Met and Cys 
was restricted to regulate protein synthesis during SC proliferation and differentiation. The SC 
were cultured and treated with 1 of 6 Met/Cys concentrations: 60/192, 30/96 (control), 7.5/24, 
3/9.6, 1/3.2, or 0/0 mg/L. Reductions in Met/Cys concentrations from the control level resulted 
in increased lipid staining and expression of the adipogenic marker genes peroxisome 
proliferator-activated receptor gamma and stearoyl-CoA desaturase during differentiation in the 
p. major SC. Although b. femoris SC had increased lipid staining at lower Met/Cys 
concentrations, there was no increase in expression of either adipogenic gene. For both muscle 
types, SC Met/Cys concentration above the control increased the expression of peroxisome 
proliferator-activated receptor gamma and stearoyl-CoA desaturase during differentiation. As 
Met/Cys concentration was decreased during proliferation, a dose-dependent decline in all 
apoptotic cells occurred except for early apoptotic cells in the p. major, which had no treatment 
effect (P < 0.05). During differentiation, decreasing Met/Cys concentration caused an increase in 
early apoptotic cells in both fiber types and no effect on late apoptotic cells except for an 
increase in the p. major 7.5/24 mg/L of Met/Cys treatment. In general, the viability of the SC 
was unaffected by the Met/Cys concentration except during proliferation in the p. major 0/0 
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mg/L of Met/Cys treatment, which increased SC viability. These data demonstrate the effect of 
nutrition on SC transdifferentiation to an adipogenic lineage and apoptosis, and the effect of fiber 
type on this response in an in vitro context. 
Key words: muscle, adipogenesis, nutrition, satellite cell, apoptosis 
 
INTRODUCTION 
 In poultry, muscle fiber formation is complete by hatch (Smith, 1963) and subsequent 
muscle growth is dependent on the hypertrophy of existing myofibers (Moss, 1968; Mozdziak et 
al., 1997). Posthatch muscle hypertrophy is facilitated by the myogenic stem cell population 
known as adult myoblasts or satellite cells (SC), which are located between the basement 
membrane and sarcolemma of skeletal muscle fibers (Mauro, 1961). Satellite cells mediate 
muscle hypertrophy by fusing with and donating their nuclei to existing muscle fibers (Stockdale 
and Holtzer, 1961; Moss and LeBlond, 1971), increasing their potential for protein synthesis. 
In broilers, SC are maximally active during the immediate posthatch period spanning 
approximately the 1st wk posthatch, after which SC activity rapidly declines (Moss et al., 1964; 
Halevy et al., 2000, 2003; Mozdziak et al., 2002a; Velleman et al., 2010). Chicks in commercial 
hatcheries during immediate posthatch handling are exposed to several nutritional challenges that 
have been demonstrated to affect SC activity (Halevy et. al., 2000, 2001; Mozdziak et al., 
2002a,b; Li et al., 2012). Often during the posthatch handling and transport period, chicks rely on 
nutrients from the yolk and may not be exposed to feed until 48 h or more after hatch. 
Additionally, feed restrictions are recommended during the immediate posthatch period to 
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control skeletal issues such as tibial dyschondroplasia (Lilburn et al., 1989; Su et al., 1999) and 
metabolic diseases such as ascites (Arce et al., 1992).  
Halevy et al. (2000) showed that following an initial 48 h feed deprivation period in 
newly hatched chickens, an increase in SC number occurred. However, SC activity was reduced 
in addition to impaired myofiber maturation, and BW and breast muscle weight reductions. 
Similarly, Velleman et al. (2010) demonstrated that following a 20% feed restriction during the 
first 2 wk posthatch there was an upregulation of MyoD and syndecan-4, which are markers of 
SC proliferation, and a downregulation of myogenin and glypican-1, which are markers of SC 
differentiation in chicken breast muscle. These data were hypothesized to indicate that SC were 
proliferating, but subsequent differentiation was inhibited. In addition to their gene expression 
data, Velleman et al. (2010) showed that the feed restriction resulted in poorly organized 
pectoralis major (p. major) muscle morphological structure, including increased necrosis and fat 
deposition.  
Satellite cells are multipotential mesenchymal stem cells that can transdifferentiate to an 
osteogenic or adipogenic lineage due to changes in nutritional supplementation (Asakura et al., 
2001), and can also spontaneously adopt an adipogenic lineage (Shefer et al., 2004). In broiler 
chicks with an immediate posthatch feed restriction, transdifferentiation of SC was hypothesized 
to be a factor in the earlier and more extensive intramuscular fat deposition in the p. major 
muscle (Velleman et al., 2010). In support of this hypothesis, increased expression of the 
adipogenic regulator gene peroxisome proliferator-activated receptor gamma (PPARγ) was 
observed in the immediate posthatch period in broiler chicks subjected to a d 1 to 7 posthatch 
feed restriction compared with those restricted only during d 7 to 14 (S.G. Velleman, 
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unpublished data). Peroxisome proliferator-activated receptor gamma is essential for the 
formation of fat (Rosen et al., 1999), and expression of PPARγ can block myogenic 
differentiation and cause transdifferentiation of myoblasts to fat cells (Hu et al., 1995). Another 
useful marker of adipogenic activity is stearoyl-CoA desaturase (SCD), an enzyme that is critical 
for the synthesis of monounsaturated fatty acids. Stearoyl CoA desaturase mainly produces 
palmitoleic and oleic acid, which are key substrates for complex lipids such as triglycerides, and 
its expression is upregulated up to 100-fold during adipocyte differentiation (Kim et al., 2000). 
Another mechanism that can be affected by disrupting normal SC activity is apoptosis, 
which acts as a counterbalance to cellular proliferation (Sandri and Carraro, 1999). In poultry, 
apoptosis has been shown to increase in muscle in response to posthatch feed deprivation in 
broiler chicks (Mozdziak et al., 2002b; Pophal et al., 2003) and both feed deprivation and amino 
acid restriction in early posthatch turkeys (Nierobisz et al., 2009). Li et al. (2012) investigated 
the effects of posthatch feed restriction on SC apoptosis. Although no change in gene expression 
of the pro- and anti-apoptotic genes Bax and Bcl-2 was observed in SC from feed restricted 
broilers compared with those rescued from the feed restriction, there was an increased Bcl-2/Bax 
expression ratio in the continually feed restricted broiler SC. An increase in the Bcl-2/Bax ratio 
is suggestive of susceptibility to apoptosis (Salakou et al., 2007).  
The response of SC to changes in nutritional regimen may also be influenced by the 
heterogeneous nature of SC originating from different muscles. Adult avian skeletal muscle is 
composed of 3 general fiber types, which can be separated based on their contraction speed and 
metabolic energy source. The first fiber type is slow twitch-oxidative (SO), also known as type I, 
which mainly uses aerobic metabolism with a low glycolytic capacity (Peter et al., 1972) and is 
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adapted for continuous activation. The second fiber type is fast-twitch-oxidative-glycolytic 
(FOG), or type IIa, which has the capacity for both aerobic and anaerobic metabolism (Peter et 
al., 1972). The final fiber type is fast-twitch-glycolytic (FG), also known as type IIb, which has a 
high glycogen concentration and anaerobic metabolic capacity (Peter et al., 1972).  
Innate differences in SC isolated from different muscle fiber types also exist, as they 
preferentially produce fibers of the same type as those they originated from (Feldman and 
Stockdale, 1991; Collins et al., 2005; Huang et al., 2006). Additionally, the proliferation and 
expression of myogenic regulatory factors differs between SC of different fiber types as shown 
by Lagord et al. (1998) and Manzano et al. (2011) in SC derived from FG and SO muscles in the 
rat. Variation in adipogenic potential of SC has been linked to their muscle of origin with a 
higher adipogenic potential being observed in cells isolated from SO muscles (Yada et al., 2006). 
Thus, it is possible that differences in SC fiber type could affect SC transdifferentiation to an 
adipogenic lineage with nutrition.  
Nutrient restriction has been shown to affect SC proliferation and differentiation in vitro 
(Li et al., 2012; Powell et al., 2013) and similarly decrease SC mitotic activity and capacity for 
myonuclear accretion in vivo (Halevy et al., 2000; Mozdziak et al., 2002a; Nierobisz et al., 
2007). The fate of SC unable to undergo terminal myogenic differentiation is not well 
understood. Based on the stem cell nature of the SC, it was hypothesized that SC unable to 
terminally differentiate due to a nutrient restriction will transdifferentiate to an adipogenic 
lineage, undergo apoptosis, or both. To determine the effect of nutrient restriction on SC fate and 
apoptosis, isolated p. major and biceps femoris (b. femoris) SC were cultured in vitro with 
protein synthesis being restricted by limiting available Met as described in Powell et al. (2013). 
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This in vitro culture system permits the effect of the restriction on the SC to be observed 
without the interference of other muscle cell types. Both the p. major, which is a predominantly 
FG fiber type muscle (Rosser et al., 1996), and the b. femoris, which is a mixed type muscle 
containing FOG, FG, and SO fibers (Dahmane Gošnak et al., 2010), were investigated to 
compare the response of SC originating from different muscle types. To simulate an in vivo 
nutrient restriction, Met concentration levels were altered to compromise cellular protein 
biosynthesis as described in Powell et al. (2013). Methionine was used for this restriction 
because it is an essential amino acid chickens cannot synthesize (Scott et al., 1982) and diluting 
the basal medium to restrict nutrients to the cells was not feasible due to osmotic pressure 
disturbances that would be created. Cysteine concentration was also altered in the medium, 
proportionally to Met, to limit the transsulfuration of Met to produce Cys, which is an essential 
amino acid critical for protein structure that is only synthesized from Met (Scott et al., 1982). 
The results from the current study provide new information correlating the relationship between 
protein availability, SC fate, and apoptosis, and how the fiber type origin of the SC affects these 
processes. 
MATERIALS AND METHODS 
Chicken Myogenic SC 
Satellite cells were previously isolated from both the p. major and b. femoris muscles of 5-wk-
old female Cornish Rock broiler chickens using a Quixell cell manipulator robotic system 
(Stoelting Co., Wood Dale, IL) to isolate single SC (McFarland et al., 1997). 
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Met Restriction Treatments 
Six different proportional Met and Cys treatments were used to investigate the SC 
response to altered protein availability using the defined medium of Powell et al. (2013). In brief, 
these treatments consisted of the control concentration of 30 mg of Met/L and 96 mg of Cys/L, 
which represents the optimal level of these amino acids as present in standard Dulbecco’s 
modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO). One treatment of excess 
Met and Cys was included at 60 mg of Met/L and 192 mg of Cys/L to investigate the effect of 
additional supplementation along with 4 restriction treatments consisting of 7.5, 3, 1, and 0 mg 
of Met/L and 24, 9.6, 3.2, and 0 mg of Cys/L, respectively. 
Culture Conditions 
The chicken p. major and b. femoris SC were plated at a density of 11,000 cells per well 
in 0.1% gelatin coated 24-well plates (Greiner BioOne, Monroe, NC). These cells were grown 
for 24 h in plating medium consisting of DMEM containing 10% chicken serum (Gemini 
BioProducts, West Sacramento, CA) and 5% horse serum (Gemini BioProducts), 1% antibiotics-
antimycotics (Gemini BioProducts), and 0.1% gentamicin (Gemini BioProducts) at 38°C in a 
95% air, 5% CO2 incubator. After 24 h, the cultures were washed with 0.5 mL of PBS (171 mM 
NaCl, 10 mM Na2HPO4, 3 mM KCl, 2 mM KH2PO4, pH 7.08) containing 2 mg/mL of BSA 
(Sigma-Aldrich) followed by the addition of defined feeding medium, the components of which 
are listed in Powell et al. (2013) and the Met and Cys treatments with the medium being replaced 
every 24 h through 72 h of proliferation. Once the control treatment cells (30/96 mg/L of 
Met/Cys) reached 65% confluency, differentiation was initiated by changing to fusion medium 
consisting of Met-free DMEM, 3% horse serum, 1% antibiotics-antimycotics, 10 μg of 
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gentamicin/mL (Gemini Bioproducts), 1 mg of BSA/mL (Sigma-Aldrich), 0.1 mg of porcine 
gelatin/mL (Sigma-Aldrich), and 0.584 mg of l-Glu/mL (Sigma-Aldrich), using the appropriate 
concentrations of Met and Cys. 
Oil Red-O Staining Assay 
At 48 h of both proliferation and differentiation, plates were removed for both the p. 
major and b. femoris SC, and the feeding medium was replaced with a 10% formalin in PBS 
solution for 5 min, and again replaced with fresh 10% formalin in PBS for a minimum of 1 h at 
4°C. Wells were then washed with 500 μL of 60% isopropanol and allowed to dry before 
incubation in 200 μL of Oil Red-O, 0.2% in isopropyl alcohol (Sigma-Aldrich) for 10 min at 
room temperature (RT). Excess Oil Red-O was removed under gentle running tap water until the 
water was clear, and the wells were then allowed to dry. The Oil Red-O stain was then eluted by 
incubation at RT in 750 μL of 100% isopropanol for 10 min. The isopropanol containing the 
eluted Oil Red-O was transferred to mini-cuvettes (Life Science Products, Frederick, CO) for 
absorbance spectroscopy analysis with a Spectronic Genesys 5 (ThermoFisher Scientific, 
Waltham, MA) at an optical density of 500 nm, using 100% isopropanol as the blank. This assay 
was repeated 5 times for each muscle type and consisted of 7 replicates of each Met/Cys 
treatment per experiment. 
Apoptosis Assay 
Medium from SC cultures of the p. major and b. femoris at both 48 h of proliferation and 
differentiation was collected and stored in 50 mL of polypropylene conical tubes (Sarstedt, 
Newton, NC). The cell layer was then treated with 100 μL of trypsin-EDTA in PBS (0.05% 
trypsin, 0.53 mM EDTA) for 3 min at RT to detach the cells. The SC were harvested and added 
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to each centrifuge tube containing their respective culture medium, and centrifuged at 350 × g for 
10 min at RT. After removing the supernatant, the cell pellet was resuspended in DMEM 
containing 5% chicken serum (Gemini Bioproducts) adjusting the cell concentration to 2 × 10
5
 to 
1 × 10
6
 cells/mL. The apoptotic cells were detected using Guava Nexin reagent (Millipore, 
Billerica, MA) containing annexin V-phycoerythrin, a marker for early apoptosis, and 7-amino-
actinomycin, a cell-impermeant dye for late apoptotic or dead cells. One hundred microliters of 
Guava Nexin reagent was added to 100 μL of cell suspension and incubated in the dark for 20 
min at RT. The apoptotic cells were measured on a Guava EasyCyte flow cytometry system 
(Millipore) following the manufacturer’s Guava Express Plus assay protocol. This assay was 
repeated 4 times for each muscle type and consisted of 3 replicates of each Met/Cys treatment 
per experiment. 
Cell Viability Assay 
Viability of the cultured p. major and b. femoris SC cultures was measured at 48 h of 
proliferation and differentiation following the cellular collection and resuspension method 
detailed in the apoptosis assay. One hundred fifty microliters of Guava Viacount (Millipore) was 
added to 100 μL of the cell suspension and incubated for 15 min at RT. The reactions were 
analyzed on a Guava EasyCyte flow cytometry system following the manufacturer’s Guava 
Viacount assay protocol. This assay was repeated 4 times for each muscle type and consisted of 
3 replicates of each Met/Cys treatment per experiment. 
Total RNA Extraction and cDNA Synthesis 
At 48 and 72 h of proliferation and 24, 48, and 72 h of differentiation, total RNA was 
extracted from the cell cultures using RNAzol (Molecular Research Center, Cincinnati, OH) 
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according to the manufacturer’s protocol. The cDNA was synthesized using Moloney murine 
leukemia virus reverse transcriptase (M-MLV; Promega, Madison, WI). The reaction consisted 
of 0.5 μg of total RNA, 1 μL of 50 μM Oligo d(T)20 (Operon, Huntsville, AL), and nuclease-free 
water up to 13.5 μL, which was incubated at 80°C for 5 min and then cooled on ice. This was 
combined with the reaction mixture containing 5 μL of M-MLV RT 5× buffer (Promega), 1 μL 
of 10 mM deoxynucleoside triphosphate mix, 0.25 μL of RNasin (40 U/μL), 1 μL of M-MLV 
(200 U/μL), and nuclease-free water up to 11.5 μL. The total 25-μL reaction was incubated at 
55°C for 60 min and then heated at 90°C for 10 min to stop the reaction. After the cDNA 
synthesis, 25 μL of nuclease-free water was added to the cDNA. 
Real-Time Qantitative PCR 
Real-time quantitative PCR (qPCR) was performed using the DyNAmo Hot Start SYBR 
Green qPCR kit (Finnzymes, Ipswich, MA) with a DNA Engine Opticon 2 real-time system (MJ 
Research, Waltham, MA). Each PCR reaction consisted of 2 μL of cDNA, 10 μL of 2× master 
mix, and 1 μL of 10 μM primer mixture (forward and reverse) of the target genes (PPARγ and 
SCD) and nuclease-free water up to 20 μL. The PPARγ primer sequences (GenBank accession 
number NM_001001460) were forward primer 5’-805CCA CTG CAG GAA CAG AAC AA824-3’ 
and reverse primer 5’-1053CTC CCG TGT CAT GAA TCC TT1034-3’. The SCD primer sequences 
(GenBank accession number NM_204890) were forward primer 5’-152CAC GGG TGA CCA 
AGA ATG GG171-3’ and reverse primer 5’- 483CAG GGG CAG TGT AGC TTT GT464-3’. The 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primer sequences (GenBank accession 
number U94327) were forward primer 5’-504GAG GGT AGT GAA GGC TGC TG523-3’ and 
reverse primer 5’-703CCA CAA CAC GGT TGC TGT AT684-3’. The specificity of each of these 
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gene-specific primers was confirmed by DNA sequencing of the amplified sequence product 
(Molecular and Cellular Imaging Center, The Ohio Agricultural Research and Development 
Center, Wooster). The realtime qPCR was performed with the following conditions: denaturation 
(94°C for 15 min), amplification and quantification (35 cycles of 94°C for 30 s, 55°C for 30 s, 
and 72°C for 30 s), and final extension at 72°C for 5 min. The melting curve program was 52°C 
to 95°C, 0.2°C/read, and a 1-s hold. The relative level of gene expression was calculated using 
the standard curve for each target gene as described previously by Liu et al. (2006). Standard 
curves were constructed for each gene and GAPDH with serial dilutions of the purified PCR 
products of PPARγ, SCD, and GAPDH. The mole amount of sample cDNA for each gene from 
each treatment was interpolated from the corresponding standard curve. All of the sample 
concentrations fell within the values of the standard curves. The mole amount of each cDNA 
product was then normalized across sampling times using GAPDH expression from the control 
30/96 mg/L of Met/Cys treatment as the normalizing gene with the sample concentration being 
divided by the GAPDH mole value. The resulting value is reported as an arbitrary unit as 
described in Liu et al. (2006). Randomly selected samples from all real-time qPCR reactions 
were resolved by agarose gel electrophoresis to ensure gene amplification specificity. As a 
negative control, a well with no template was included in each PCR reaction to detect possible 
contamination. This assay was repeated 3 times for each muscle type and consisted of 2 
replicates of each Met/Cys treatment per experiment. 
Statistical Analysis 
All statistical analyses were performed using the SAS PROC GLM (2010, SAS Institute 
Inc., Cary, NC). The data for each experiment included the fixed effect of Met/Cys treatment (5 
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df), and differences between Met/Cys treatments within each sampling time were detected using 
Tukey’s studentized range method. Differences in all analyses were considered significant at P < 
0.05. 
RESULTS 
Oil Red-O Lipid Staining 
Oil Red-O lipid staining was measured in the p. major and b. femoris SC following 
nutritional restriction. At 48 h of proliferation, the 7.5/24 and 3/9.6 mg/L of Met/Cys treated p. 
major SC had decreased lipid levels compared with 0/0 mg/L treatment (Figure 1A). The only 
additional difference was that the 7.5/24 mg/L of Met/Cys treatment had lower lipid levels than 
the 60/192 mg/L of Met/Cys treatment (Figure 1A). In comparison, the only variability in the b. 
femoris SC at 48 h of proliferation was that the 60/192 mg/L of Met/Cys treatment had more 
lipid than the 3/9.6 mg/L of Met/Cys treatment (Figure 1B). At 48 h of differentiation, the 1/3.2 
and 0/0 mg/L of Met/Cys treatments had more lipid than all other treatments in the p. major 
(Figure 1A), whereas only the 0/0 mg/L of Met/Cys treated b. femoris SC had more lipid than all 
other treatments (Figure 1B). Additionally, the 60/192 mg/L of Met/Cys treatment had increased 
lipid levels compared with the 3/9.6 mg/L of Met/Cys treatment in the b. femoris (Figure 1B). 
These data indicate differences in lipid accumulation due to both fiber type of the SC as well as 
the Met/Cys treatment applied. 
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Adipogenic Gene Expression 
The expression of PPARγ and SCD in 
the SC was measured at 48 and 72 h of 
proliferation and 24 to 72 h of differentiation. 
The expression of PPARγ in the p. major SC 
was highest in the control 30/96 mg/L of 
Met/Cys treatment and decreased as Met/Cys 
concentration was reduced during 
proliferation (Figure 2A). After the initiation 
of differentiation, PPARγ expression was 
higher in the 1/3.2 mg/L of Met/Cys treatment 
than the control 30/96 mg/L of Met/Cys 
treatment from 24 h through 72 h (Figure 
2A). In the b. femoris, PPARγ was highest in 
the 60/192 mg/L treatment and decreased 
with Met/Cys concentration during both 
proliferation and differentiation (Figure 2C). 
During proliferation, the expression of SCD 
was related to Met/Cys concentration in a dose-dependent manner in both fiber type SC, and this 
dose-dependent response continued in the b. femoris throughout differentiation (Figure 2B and 
D). Twenty-four hours after the initiation of differentiation, the expression of SCD in the 
Figure 1. Oil Red-O staining of A) pectoralis major and B) 
biceps femoris satellite cells cultured with variable Met and 
Cys concentrations. Absorbance of cellular extracts at 500 nm 
was used as a measure of Oil Red-O concentrations. Oil Red-
O staining was measured at 48 h of proliferation (P) and 
differentiation (D). Bars represent the SEM. Values without a 
common letter (a–c) within times were significantly different 
(P < 0.05). OD = optical density. 
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3/9.6 and 1/3.2 mg/L of Met/Cys treatments was similar to the control 30/96 mg/L of Met/Cys in 
the p. major, and was significantly higher by 72 h of differentiation (Figure 2B).  
Figure 2. Expression of peroxisome proliferator-activated receptor gamma (PPARγ) and stearoyl-CoA desaturase (SCD) in 
pectoralis major and biceps femoris satellite cells (SC). The SC were cultured with variable Met and Cys concentrations 
during proliferation (48 to 72 h) and differentiation (24 to 72 h). The concentrations of PPARγ in the A) pectoralis major 
and C) biceps femoris and SCD in the B) pectoralis major and D) biceps femoris were measured by quantitative real-time 
PCR. Bars represent the SEM. Values without a common letter (a–d) within times were significantly different (P < 0.05). P 
= proliferation; D = differentiation. 
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No increase in the expression of PPARγ and SCD in the 0/0 mg/L of Met/Cys treatment 
occurred as was observed in the 1/3.2 and to a lesser extent for the 3/9.6 mg/L of Met/Cys 
treatment in either muscle type during differentiation (Figure 2A through D). The 0/0 mg/L of 
Met/Cys treated SC expressed the lowest level of PPARγ and SCD at all sampling times. 
However, the extractable total RNA for the 0/0 mg/L of Met/Cys treated SC for both fiber types 
was minimal. 
Apoptosis and Viability of SC 
The percentage of apoptotic cells present in both the p. major and b. femoris SC cultures 
varied in response to the severity of the Met/Cys restriction treatment applied. In the p. major SC 
at 48 h of proliferation, no significant treatment differences were observed in the percentage of 
early apoptotic cells, whereas a 1.1% (± 0.21) and 1.41% (± 0.15) decrease in the number of late 
apoptotic cells was observed in the 1/3.2 and 0/0 mg/L of Met/Cys treatments, respectively, 
compared with the control 30/96 mg/L of Met/Cys treatment (Figure 3A). At 48 h of 
differentiation, a 1.99% (± 0.31) and 2.67% (± 0.55) increase in the number of early p. major 
apoptotic cells was observed in the 1/3.2 and 0/0 mg/L of Met/Cys treatments, respectively, 
compared with the control 30/96 mg/L of Met/Cys treatment (Figure 3B). The number of late 
apoptotic p. major SC was highest in the 7.5/24 mg/L of Met/Cys treatment with 5.57% (± 0.35). 
This amount was reduced significantly in the 60/192, 1/3.2, and 0/0 mg/L of Met/Cys treatments 
with 3.83% (± 0.37), 3.60% (± 0.68), and 3.00% (± 0.32) of the cells undergoing late apoptosis, 
respectively (Figure 3B). As Met/Cys concentration was lowered in the b. femoris SC at 48 h of 
proliferation, the percentage of early apoptotic cells was significantly reduced compared with the 
30/96 mg/L treatment by 0.94% (± 0.24) and 0.74% (± 0.1), respectively, in the 1/3.2 and 0/0 
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mg/L of Met/Cys treatments (Figure 3C). Similarly, the percentage of late apoptotic cells was 
reduced from 1.35% (± 0.13) in the 30/96 mg/L of Met/Cys treatment to 0.73% (± 0.14) and 
0.54% (± 0.06) in the 1/3.2 and 0/0 mg/L of Met/Cys treatments, respectively. At 48 h of 
differentiation, this effect was reversed as 5.46% (± 0.58) of the 1/3.2 mg/L and 5.41% (± 0.45) 
of the 0/0 mg/L of Met/Cys treated cells were undergoing early apoptosis, which was 
significantly higher than the 3.61% (± 0.17) and 3.92% (± 0.23) of the 60/192 and 30/96 mg/L of 
Met/Cys treated cells, respectively (Figure 3D). The variation in the percentage of late apoptotic 
cells also differed at 48 h of differentiation as there was no longer a significant difference 
between the treatments (Figure 3D).  
The only effect of Met/Cys treatment on cellular viability occurred in the 0/0 mg/L 
treated p. major SC at 48 h of proliferation, which had an 11% (± 2.8) increase in cell viability 
compared with the 30/96 mg/L of Met/Cys control, whereas all other treatments within sampling 
times had no variability (Figure 4A and B). A decrease in cell viability of approximately 13% 
was noted at 48 h of differentiation across all treatments compared with 48 h of proliferation in 
the b. femoris (Figure 4B). 
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DISCUSSION 
The importance of early posthatch nutrition for optimal SC mitotic activity and muscle 
development in broiler chicks is well established (Halevy et al., 2000; Mozdziak et al., 2002a). 
Powell et al. (2013) showed that the proliferation and differentiation of broiler p. major SC is 
reduced by a nutritional restriction of Met and Cys in vitro, demonstrating that SC are responsive 
to nutritional regimen. Velleman et al. (2010) postulated that SC unable to undergo myogenic 
differentiation may transdifferentiate to an adipogenic lineage in posthatch feed-restricted chicks. 
If adipogenic transdifferentiation of SC is occurring in response to nutritional restriction, then the 
Figure 3. Cellular apoptosis in the pectoralis major and biceps femoris satellite cells cultured with variable Met 
and Cys concentrations. Apoptosis was measured at 48 h of proliferation and differentiation for the pectoralis 
major in A) and B) and biceps femoris in C) and D), respectively. Bars represent the SEM. Values without a 
common letter (a–c) within times were significantly different (P < 0.05). 
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impact of SC fate on meat quality 
should be considered in addition to the 
current focus of their effect on 
hypertrophy and muscle mass accretion. 
Because SC are a stem cell 
population, they retain a broad 
differentiation capacity including the 
generation of adipocytes both 
spontaneously (Shefer et al., 2004) and 
due to changes in nutritional 
supplementation (Asakura et al., 2001). 
Increased expression of PPARγ, the key 
transcriptional factor controlling 
adipocyte differentiation (Rosen et al., 
1999), and SCD, an enzyme that 
produces key mono-unsaturated fatty 
acid substrates for complex lipid 
production, was observed during 
differentiation of the p. major SC. This 
increase was observed in the 3/9.6 and 1/3.2 mg/L of Met/Cys treatments throughout 
differentiation for PPARγ, and at 72 h of differentiation for SCD, indicating increased 
adipogenic activity had occurred, likely in response to the nutritional restriction. This increase 
Figure 4. Cellular viability of the pectoralis major and biceps 
femoris satellite cells cultured with variable Met and Cys 
concentrations. Cell viability was measured at 48 h of proliferation 
and differentiation for the A) pectoralis major and B) biceps femoris 
satellite cells. Bars represent the SEM. Values without a common 
letter (a,b) within times were significantly different (P < 0.05). P = 
proliferation; D = differentiation. 
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also occurred in both the 60/192 mg/L of Met/Cys treated p. major and b. femoris SC, suggesting 
excess Met and Cys also increases adipogenic gene expression. The difference in the expression 
of SCD compared with PPARγ would be expected because its activity is necessary for 
triglyceride production, which is important for fat droplet formation used late in adipogenic 
differentiation (Ntambi and Young-Cheul, 2000). These data are supported by increased Oil Red-
O lipid staining observed with the 60/192 mg/L of Met/Cys treatment during proliferation for the 
p. major, and both proliferation and differentiation for the b. femoris. Increased lipid staining of 
the SC was also observed when Met and Cys were increasingly restricted in the p. major during 
proliferation and very prominently during differentiation in both fiber types. This lipid staining is 
an indicator of the accumulation of cellular lipid droplets, which are essential for adipocyte 
differentiation (Green and Kehinde, 1975). 
An increase in the expression of PPARγ and SCD was observed in both the 60/192 mg/L 
of Met/Cys treated b. femoris and p. major SC; however, no increase was observed in the 
restricted b. femoris Met/Cys treatments during differentiation as was observed in the p. major 
suggesting fiber type differences. These data would indicate that adipogenic transdifferentiation 
is not occurring in the restricted b. femoris SC; however, the accompanying Oil Red-O staining 
data showed an increase in lipid accumulation in the 0/0 mg/L of Met/Cys treatment. The 
adipogenic gene expression and lipid accumulation of the 0/0 mg/L of Met/Cys treated SC in 
both the p. major and b. femoris would appear to support different conclusions but can be 
explained through experimental limitation. A lower total number of SC are present in the 0/0 
mg/L of Met/Cys treatments due to reduced proliferation and differentiation as reported by 
Powell et al. (2013). The 0/0 mg/L of Met/Cys treatment had limited RNA, thus gene expression 
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assays for this treatment may not be comparable with the 60/192 through 1/3.2 mg/L of Met/Cys 
treatments. Based on the expression of both PPARγ and SCD in the 3/9.6 and 1/3.2 mg/L of 
Met/Cys treatments and Oil Red-O staining of the 0/0 mg/L of Met/Cys treatment, it is possible 
that the expression of PPARγ and SCD in the 0/0 mg/L of Met/Cys treatment could be 
significantly higher in both fiber types.  
The increased adipogenic gene expression and lipid accumulation observed in the 
Met/Cys restricted p. major SC, and to a lesser extent the b. femoris SC, is likely a consequence 
of reduced protein synthesis due to the rate-limiting effect of Met/Cys restriction. As protein 
synthesis and SC proliferation and differentiation were reduced by increasing Met restriction 
(Powell et al., 2013), excess amino acids that can be converted to glucose through 
gluconeogenesis will be available in the culture medium. High-glucose concentrations upregulate 
sterol regulatory element binding protein 1c, which induces de novo lipogenesis and intracellular 
lipid accumulation of SC (Guillet-Deniau et al., 2004), and subsequently leads to 
transdifferentiation to an adipogenic lineage (Aguiari et al., 2008). Another possible outcome 
from the excess amino acids is oxidation to produce pyruvate, acetyl-CoA, or intermediates of 
the tricarboxylic acid cycle, which can then be used for fatty acid synthesis to facilitate lipid 
production.  
Muscle fiber type can also effect the adipogenic potential of SC (Yada et al., 2006) and 
account for the differing PPARγ and SCD gene expression and lipid staining observed between 
the b. femoris and p. major SC. The p. major SC, originating from FG fibers, mainly use 
glycolytic metabolism for ATP generation and produces pyruvate, which can be used to 
synthesize fatty acids via acetyl-CoA. The b. femoris SC, originating from FOG fibers, have an 
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increased oxidative metabolic capacity and can therefore use fatty acids and pyruvate from 
glycolysis for further ATP generation by the tricarboxylic acid cycle. The oxidative metabolism 
of the b. femoris SC likely reduced the availability of fatty acids for lipid synthesis, which would 
account for their reduced lipid accumulation. Additionally, the stimulation of adipogenic gene 
expression facilitating transdifferentiation would also be reduced as was observed in the present 
study. In the posthatch period following nutritional restriction in chicks, Nieto et al. (1994) 
observed a decrease in muscle protein synthesis, whereas Maruyama et al. (1978) reported an 
increase in muscle protein degradation, increasing the availability of amino acids in the skeletal 
muscle. These data suggest that in vivo proliferating SC may be stimulated to transdifferentiate 
to preadipocytes by excess amino acids and fatty acid availability. This could occur due to excess 
nutritional supplementation and also nutritional restriction, resulting in reduced protein synthesis. 
This effect is likely modulated by muscle fiber type and the predominance of glycolytic or 
oxidative metabolism. In vivo, increased adipogenic susceptibility of the predominantly FG p. 
major would be of concern, as the breast muscle is a valuable component of the broiler carcass in 
part due to its low-fat image.  
Myonuclear accretion plays a major role in governing muscle growth potential. This was 
demonstrated by Mozdziak et al. (1997) who showed that reducing SC activity during its most 
active period resulted in an irreversible reduction in mature muscle weight. Increased 
myonuclear apoptosis has been shown to occur following feed restrictions in posthatch chicks 
(Mozdziak et al., 2002b; Pophal et al., 2003), whereas Li et al. (2012) reported an increased Bcl-
2/Bax expression ratio in SC from feed-restricted broiler chicks compared with those rescued 
from feed restriction. These data suggest SC may have an altered incidence of apoptosis under 
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nutritional restriction. A dose-dependent decrease in both early and late apoptotic SC was 
observed following increasing Met/Cys restriction in the b. femoris SC during proliferation. A 
similar decrease in late apoptotic cells was observed in the p. major SC but not in the early 
apoptotic cells where no treatment effect was observed. At 48 h of differentiation, increased 
Met/Cys availability resulted in less early apoptotic cells for both muscle fiber type SC, whereas 
the only treatment effect in the late apoptotic cells of either fiber type was the 7.5/24 mg/L of 
Met/Cys treatment, which had an increased percentage of late apoptotic cells.  
Following a 2-d starvation immediately after hatch in broilers, Halevy et al. (2000) 
reported reduced SC activity and subsequent cell-cycle withdrawal. It is therefore possible that 
cell-cycle withdrawal is occurring in the Met/Cys restricted SC in addition to the reduced 
proliferation observed by Powell et al. (2013). These data are supported by the increased cellular 
viability of the 0/0 mg/L of Met/Cys treated p. major SC as these cells are not proliferating but 
are maintaining a high rate of viability. This cell-cycle withdrawal would account for the dose-
dependent reduction in early and late apoptotic p. major and late apoptotic b. femoris Met/Cys 
restricted SC during proliferation as MyoD is downregulated in quiescent SC, conferring 
apoptotic resistance to the cells (Hirai et al., 2010).  
During myogenic differentiation, upregulation of the proto-oncogene Akt and the cyclin-
dependent kinase inhibitor p21 occurs, suppressing apoptosis of differentiating myoblasts (Wang 
and Walsh, 1996; Fujio et al., 1999). The reduced percentage of early apoptotic cells in the 
60/192 through 3/9.6 mg/L p. major and 60/192 and 30/96 mg/L b. femoris Met/Cys treated SC 
was likely due to their increased rate of differentiation compared with the restricted Met/Cys 
treatments (Powell et al., 2013). Due to this increased differentiation, it would be expected that 
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Akt and p21 would be further upregulated and inhibit apoptosis in these cells. This effect also 
occurred in the late apoptotic cells through the reduced difference in the percentage of apoptotic 
cells between Met/Cys treatments in the p. major SC and no difference between the b. femoris 
SC treatments. These data suggest that during immediate posthatch feed restriction in vivo, it is 
possible that the pool of activated SC contributing to myonuclear accretion could be subjected to 
elevated apoptosis as they are unable to initiate differentiation and upregulate the survival factors 
Akt and p21. The significance of this mechanism following nutrient restriction will be explored 
in future research. Alternatively, the SC may enter a quiescent state to survive but then cannot 
contribute to myonuclear accretion leading to permanent reductions in myofiber size that cannot 
be recovered later in life (Mozdziak et al., 1997). Little variation occurred in the percentage of 
apoptotic cells between the b. femoris and p. major SC, suggesting minimal variation in SC 
apoptosis would occur in vivo between different muscle fiber types following nutritional 
manipulation. 
In summary, these data indicate that in addition to the previously addressed effect of 
nutrient manipulation on proliferation and differentiation of SC (Powell et al., 2013), altered 
Met/Cys concentrations also plays a role in directing SC fate and apoptosis. These data support 
the hypothesis of Velleman et al. (2010) that adipogenic transdifferentiation of SC may be 
occurring as a result of restricted nutrition both by increased lipid accumulation and adipogenic 
gene expression. In conjunction with the results of Velleman et al. (2010), these data highlight 
the need for posthatch nutritional guidelines to maximize SC activity toward a myogenic 
pathway and minimize excess fat deposition through the transdifferentiation of SC to an 
adipogenic lineage. This is especially important considering the fiber type differences observed 
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as the FG p. major SC displayed an increased propensity toward adipogenic gene expression and 
lipid staining following nutrient restriction. To maintain the low-fat content of broiler breast 
meat, appropriate nutrient management strategies are necessary.  
The occurrence of apoptosis was also responsive to nutrient manipulation, responding in 
a similar manner in both fiber type SC. Apoptosis was decreased during proliferation with 
reduced Met/Cys concentrations possibly due to the SC undergoing cell-cycle withdrawal and 
entering quiescence. During differentiation, apoptosis was reduced with higher Met/Cys 
concentrations, which may be due to the upregulation of survival factors Akt and p21 in 
differentiating myoblasts (Wang and Walsh, 1996; Fujio et al., 1999). These findings are 
important in elucidating the fate of SC from different fiber types following nutrient 
manipulation, and the possible implications of nutrition-mediated SC effects on muscle structure, 
meat quality, and fat content. Satellite cells in vitro proliferate, migrate, fuse to form myotubes, 
and synthesize contractile proteins. However, to apply these findings to the management of 
growing broilers, in vivo studies are necessary to determine if comparable effects occur as those 
observed in vitro and how these effects are mediated by varying nutritional restriction during the 
immediate posthatch period of maximal SC activity. 
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OVERVIEW OF CHAPTER 5 
The nutritional regulation of both myogenic and adipogenic satellite cell activity was 
demonstrated in the previous in vitro cell culture experiments (Chapters 3 and 4). A number of 
regulatory genes have been demonstrated to play important roles in directing myogenic satellite 
cell activity (Chapter 2). The experiment presented in Chapter 5 therefore investigated the 
expression of these various myogenic regulatory genes by satellite cells in response to nutritional 
variation of methionine and cysteine, to further clarify this relationship. The previous in vitro 
experiment (Chapter 4) also demonstrated that muscle fibre type of origin significantly affected 
the adipogenic potential of satellite cells, which was more prominent in those from the pectoralis 
major compared to biceps femoris muscle fibres. Muscle fibre type of origin was therefore again 
considered, to determine any potential variation in the myogenic regulatory gene expression of 
satellite cells isolated from the pectoralis major and biceps femoris. This was investigated to 
gauge the potential significance of muscle fibre type in the nutrient regulation of satellite cell 
activity in vivo.  
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ABSTRACT 
Satellite cells (SC) are a multipotential stem cell population responsible for facilitating posthatch 
muscle fiber hypertrophy. The proliferation and differentiation of SC is sensitive to nutritional 
regimen, and the SC response to nutrition varies depending upon their muscle type of origin. The 
objective of the current study was to determine the effect of altering protein synthesis on the 
expression of several key genes regulating SC activity and the effect of muscle type. Satellite 
cells isolated from the fast glycolytic pectoralis major and the fast oxidative and glycolytic 
biceps femoris were studied. These genes included the myogenic regulatory factors myogenic 
determination factor 1 (MyoD) and myogenin, the cell-membrane associated proteoglycans 
syndecan-4 and glypican-1, the extracellular matrix proteoglycan decorin, and the transcription 
factor paired box 7. Protein synthesis potential varied by the concentration of the sulfur amino 
acids Met and Cys during SC proliferation and differentiation. The SC were cultured and treated 
with 1 of 6 Met/Cys concentrations: 60/192, 30/96 (control), 7.5/24, 3.0/9.6, 1.0/3.2, or 0/0 
mg/L. A consistent pattern of gene expression emerged following Met/Cys manipulation as 
increasing reductions in mRNA expression for all genes were observed as Met/Cys concentration 
decreased, whereas increased Met/Cys concentration caused either no change or had a small 
negative effect on mRNA expression. Reduced paired box 7 expression would limit myogenic 
specification of SC, whereas decreased myogenic regulatory factor expression would affect 
subsequent myogenic development of the SC. Decreased levels of decorin affect SC response to 
growth factors like myostatin and transforming growth factor β, and extracellular matrix 
organization. These data highlight the importance of nutrition on the expression of genes critical 
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for satellite cell activation, proliferation and differentiation, and growth factor signal 
transduction. 
Key words: nutrition, muscle satellite cell, myogenic regulatory factor, proteoglycan, Pax7 
 
INTRODUCTION 
In poultry, muscle fiber formation is complete by hatch (Smith, 1963) and subsequent 
muscle growth is dependent upon the hypertrophy of existing myofibers (Moss, 1968; Mozdziak 
et al., 1997). Posthatch muscle hypertrophy is mediated by the myogenic stem cell population 
known as adult myoblasts or satellite cells (SC), which are located between the basement 
membrane and sarcolemma of skeletal muscle fibers (Mauro, 1961). Satellite cells regulate 
muscle hypertrophy by fusing with and donating their nuclei to existing muscle fibers (Stockdale 
and Holtzer, 1961; Moss and LeBlond, 1971). 
Satellite cells are maximally active in broilers during the immediate posthatch period 
spanning approximately the 1st wk posthatch, after which SC activity rapidly declines (Moss et 
al., 1964; Halevy et al., 2000; Mozdziak et al., 2002a; Velleman et al., 2010). Chicks in 
commercial hatcheries during the immediate posthatch period are exposed to different nutritional 
conditions, which have been shown to affect SC activity (Halevy et al., 2000, 2001; Mozdziak et 
al., 2002a,b; Li et al., 2012). Often during the posthatch handling and transport period, chicks 
rely on nutrients from the yolk and may not be exposed to feed until 24 h or more after hatch. 
Additionally, feed restrictions are recommended during the posthatch period for up to 2 wk to 
help control skeletal issues such as tibial dyschondroplasia (Lilburn et al., 1989; Su et al., 1999) 
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and metabolic diseases such as ascites (Arce et al., 1992). In addition to the effect of nutrition on 
SC activity in vivo, in vitro proliferation and differentiation of SC has been shown to be 
significantly affected by both total feed intake restriction (Li et al., 2012) and specific amino acid 
restrictions (Averous et al., 2012; Powell et al., 2013). Furthermore, Li et al. (2012) and Averous 
et al. (2012) reported altered expression of several genes key to myogenic differentiation 
following dietary restriction programs. The regulation of gene expression by nutrigenomics 
offers great potential in improving animal health and production traits. In poultry, for example, 
nutrigenomics has been used to improve gut health (Brennan et al., 2013). Several genes have 
been identified as important regulators of SC activity. These genes include, but are not limited to, 
the myogenic regulatory factors (MRF) myogenic determination factor 1 (MyoD; Rudnicki et 
al., 1993) and myogenin (Hasty et al., 1993), the cell membrane-associated heparan sulfate 
proteoglycans syndecan-4 (Cornelison et al., 2004; Velleman et al., 2007; Song et al., 2011) and 
glypican-1 (Brandan et al., 1996; Guitiérrez and Brandan, 2010; Velleman et al., 2013), the 
extracellular matrix (ECM) proteoglycan decorin (Hildebrand et al., 1994; Miura et al., 2006; Li 
et al., 2008), and the transcription factor paired box 7 (Pax7; Seale et al., 2000; Kuang et al., 
2006). Understanding how these regulators of SC activity are affected by nutritional regimen and 
in SC derived from different muscle types is important to improve our understanding of how 
nutrition affects SC function.  
Satellite cell proliferation and differentiation are largely regulated by the MRF, which are 
muscle-specific transcriptional regulatory factors. Myogenic determination factor 1 is expressed 
early in myogenesis to initiate proliferation of SC, and subsequently signals the initiation of 
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differentiation by cell cycle arrest and myogenin activation (Davis et al., 1987; Rudnicki et al., 
1993; Weintraub, 1993; Cornelison et al., 2000). Myogenin expression is necessary for the 
formation and differentiation of multinucleated myotubes (Edmondson and Olson, 1989; Hasty 
et al., 1993; Meadows et al., 2008; Gutiérrez and Brandan, 2010).  
Satellite cell proliferation and differentiation are also, in part, regulated by their ECM 
environment. One function of the ECM is to mediate the cellular response to certain growth 
factors. Satellite cell proliferation and differentiation, and fibroblast growth factor 2 (FGF2) 
responsiveness has been shown to be differentially affected by the cell membrane-associated 
heparan sulfate proteoglycans syndecan-4 and glypican-1 (Brandan et al., 1996; Velleman et al., 
2007, 2013; Zhang et al., 2007, 2008; Song et al., 2010, 2012). Fibroblast growth factor 2 is a 
strong stimulator of muscle cell proliferation and a potent inhibitor of differentiation 
(Dollenmeier et al., 1981). Syndecan-4 can initiate intracellular signaling in response to the 
binding of FGF2 through its cytoplasmic domain (Volk et al., 1999; Horowitz et al., 2002; Zhang 
et al., 2003). In skeletal muscle, Shin et al. (2012a) showed that satellite cells form syndecan-4 
oligomers and the cytoplasmic domain is involved in both regulating protein kinase C α activity 
and FGF2 responsiveness (Song et al., 2012). Additionally, syndecan-4 affects the expression of 
the MRF (Cornelison et al., 2004; Shin et al., 2012b) and mediates ras homolog gene family 
member A signal transduction, focal adhesion formation, and migration through its cytoplasmic 
domain during myogenesis (Dovas et al., 2006; Song et al., 2012; Shin et al., 2013). In contrast, 
glypican-1 can sequester FGF2 by being shed into the extracellular matrix via the cleavage of its 
glycosylphosphatidylinositol anchor (Brandan et al., 1996; Velleman et al., 2013). The shed form 
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of glypican-1 binds to FGF2, preventing FGF2 from binding with its receptor (Velleman et al., 
2013). Glypican-1 can also sequester FGF2 from its tyrosine kinase receptor by the localization 
of glypican-1 in cell membrane lipid rafts (Gutiérrez and Brandan, 2010). 
Decorin is a small, leucine-rich proteoglycan located in the ECM of skeletal muscle. It is 
a multifunctional proteoglycan involved in regulating collagen fibrillogenesis and controlling 
cell attachment, migration, and proliferation (Iozzo, 1999). Decorin can bind at its central core 
protein to the growth factors transforming growth factor-β (TGF-β; Hildebrand et al., 1994; 
Schönherr et al., 1998) and myostatin (Miura et al., 2006). Both of these growth factors are 
strong inhibitors of both SC proliferation and differentiation. Decorin can modulate TGF-β-
dependent myogenic cell growth in both a stimulatory and inhibitory manner (Riquelme et al., 
2001; Droguett et al., 2006; Kishioka et al., 2008). 
Paired box 7 is a transcription factor that has been shown to play a pivotal role in the 
formation of adult skeletal muscle (Seale et al., 2000). Paired box 7 is a lineage marker, 
expressed both by quiescent and activated SC during muscle growth, and its expression 
decreases with the progression of differentiation (Seale et al., 2000; Asakura et al., 2001; Halevy 
et al., 2004; Kuang et al., 2006). Skeletal muscle from Pax7
−/−
 mice are devoid of SC (Seale et 
al., 2000), but the ectopic expression of Pax7 in nonmyogenic stem cells within the muscle of 
these mice is sufficient for them to undergo myogenic differentiation (Seale et al., 2004). Thus, 
the expression of Pax7 is necessary for the specification of the SC lineage, and additionally, is 
capable of inducing a myogenic program in other stem cell populations.  
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The response of SC to changes in nutrition may also be influenced by the muscle from 
which they originate. Powell et al. (2014) showed that SC originating from the biceps femoris (b. 
femoris) muscle containing fast-twitch-oxidative-glycolytic (FOG), fast-twitchglycolytic (FG), 
and slow-twitch-oxidative (SO) fibers (Dahmane Gosnak et al., 2010) and the predominantly FG 
pectoralis major (p. major) muscle (Rosser et al., 1996) have a differential response to nutrition 
with changes in adipogenic gene expression, lipid accumulation, and apoptosis. Additionally, 
differences in proliferation and expression of the MRF have been observed in rat FG and SO 
muscle SC (Lagord et al., 1998; Manzano et al., 2011). It is therefore likely that SC from the b. 
femoris and p. major muscle will have differences in gene expression in response to nutritional 
regimen.  
Expression of the MRF MyoD and myogenin; the proteoglycans syndecan-4, glypican-1, 
and decorin; and the transcription factor Pax7 was studied in SC isolated from the p. major and 
b. femoris muscles using an in vitro culture system described in Powell et al. (2013). The in vitro 
culture system used in Powell et al. (2013) allows the effects of nutrition on the SC to be 
measured without the interference of other cell types and was designed to simulate an in vivo 
nutrient restriction by altering Met concentration levels to affect total cellular protein 
biosynthesis. Methionine was restricted because it is the first amino acid in the synthesis of 
proteins. Cysteine concentration was altered proportionally to Met. This reduced the total 
concentration of both Met and Cys, which will decrease the total sulfur amino acid concentration 
available to the cells. The results from the current study provide new information correlating the 
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relationship between SC protein synthesis, the expression of key genes regulating the SC 
proliferation and differentiation processes, and the effect of muscle fiber type. 
MATERIALS AND METHODS 
Chicken Myogenic Satellite Cells 
Satellite cells were previously isolated from both the p. major and b. femoris muscles of 
5-wk-old female Cornish Rock broiler chickens and cloned to produce pure myogenic cultures 
using a Quixell cell manipulator robotic system (Stoelting Co., Wood Dale, IL) to isolate single 
SC (McFarland et al., 1997). 
Methionine Restriction Treatments 
Six different proportional Met and Cys treatments were used to investigate the SC 
response to altered protein availability using the defined medium of Powell et al. (2013). In brief, 
these treatments consisted of the control concentration of 30 mg/L of Met and 96 mg/L of Cys, 
which represent the levels of these amino acids present in standard Dulbecco’s modified Eagle’s 
medium (DMEM; Sigma-Aldrich, St. Louis, MO). One treatment of excess Met and Cys was 
included at 60 mg/L of Met and 192 mg/L of Cys to investigate the effect of additional 
supplementation along with 4 restriction treatments consisting of 7.5, 3, 1, and 0 mg/L of Met 
and 24, 9.6, 3.2, and 0 mg/L of Cys, respectively.  
Culture Conditions 
The chicken p. major and b. femoris SC were plated at a density of 11,000 cells per well 
in 0.1% gelatin-coated 24-well plates (Greiner BioOne, Monroe, NC). These cells were grown 
for 24 h in plating medium consisting of DMEM containing 10% chicken serum (Gemini 
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BioProducts, West Sacramento, CA), 5% horse serum (Gemini BioProducts), 1% antibiotics-
antimycotics (Gemini BioProducts), and 0.1% gentamicin (Gemini BioProducts) at 38°C in a 
95% air, 5% CO2 incubator. After 24 h, the cultures were washed with 0.5 mL of PBS (171 mM 
NaCl, 10 mM Na2HPO4, 3 mM KCl, and 2 mM KH2PO4, pH 7.08) containing 2 mg/mL of BSA 
(Sigma-Aldrich) followed by the addition of defined feeding medium, the components of which 
are listed in Powell et al. (2013) and the Met and Cys treatments with the medium being replaced 
every 24 h through 72 h of proliferation. Once the control treatment cells (30 mg/L of Met) 
reached 65% confluency, differentiation was initiated by changing to fusion medium consisting 
of Met-free DMEM, 3% horse serum, 1% antibioticsantimycotics, 10 µg/mL of gentamicin 
(Gemini Bioproducts), 1 mg/mL of BSA (Sigma-Aldrich), 0.1 mg/ mL of porcine gelatin 
(Sigma-Aldrich), and 0.584 mg/ mL of l-Glu (Sigma-Aldrich), and using the appropriate 
concentrations of Met and Cys. 
Total RNA Extraction and cDNA Synthesis 
At 48 and 72 h of proliferation and 24, 48, and 72 h of differentiation, total RNA was 
extracted from the cell cultures using RNAzol (Molecular Research Center, Cincinnati, OH) 
according to the manufacturer’s protocol. The cDNA was synthesized using Moloney Murine 
Leukemia Virus Reverse Transcriptase (M-MLV; Promega, Madison, WI). The reaction 
consisted of 0.5 µg of total RNA, 1 µL of 50 µM Oligo d(T)20 (Operon, Huntsville, AL) and 
nuclease-free water up to 13.5 µL, which was incubated at 80°C for 5 min and then cooled on 
ice. After cooling, 11.5 µL of the reaction mixture 5 µL of M-MLV RT 5x buffer (Promega), 1 
µL of 10 mM deoxynucleoside triphosphate mix, 0.25 µL of RNasin (40 U/µL), 1 µL of M-MLV 
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(200 U/ µL), and 4.25 µL of nuclease-free water was added. The total 25 µL reaction mixture 
was incubated at 55°C for 60 min and then heated at 90°C for 10 min to stop the reaction. After 
the cDNA synthesis, 25 µL of nuclease-free water was added to the cDNA. 
Real-time Quantitative PCR 
Real-time quantitative PCR (qPCR) was performed using the DyNAmo Hot Start SYBR 
Green qPCR kit (ThermoFisher, Pittsburgh, PA) with a DNA Engine Opticon 2 real-time system 
(Bio-Rad, Hercules, CA). Each PCR reaction consisted of 2 µL of cDNA, 10 µL of 2× master 
mix, 1 μL of 10 µM primer mixture (forward and reverse) of the target genes (Table 1), and 7.0 
μL of nuclease-free water for a 20-μL reaction volume. The specificity of each of these gene-
specific primers was confirmed by DNA sequencing of the amplified sequence product 
(Molecular and Cellular Imaging Center, The Ohio State University/Ohio Agricultural Research 
and Development Center). The real-time qPCR was performed with the following conditions for 
MyoD, myogenin, and Pax7: denaturation (94°C for 15 min), amplification and quantification 
(35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s), and final extension at 72°C for 5 
min. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), syndecan-4, decorin, and glypican- 
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1 were amplified under the following conditions: denaturation (94°C for 15 min), amplification 
and quantification (35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s), and final 
extension at 72°C for 5 min. The melting curve program was 52°C to 95°C, 0.2°C/read, and a 1-s 
hold. The relative level of gene expression was calculated using the standard curve for each 
target gene as described previously by Liu et al. (2006). Standard curves were constructed using 
serial dilutions of the purified PCR products of each gene in Table 1. The amount of sample 
cDNA for each gene was interpolated from the corresponding standard curve. All of the sample 
concentrations fell within the values of the standard curves. Glyceraldehyde-3-phosphate 
dehydrogenase for the 30/96 mg/L Met/Cys treatment was used as a normalizing gene at each 
sampling time because GAPDH expression was affected by treatment. This normalization was 
calculated as an arbitrary unit based on the GAPDH concentration of the 30/96 mg/L Met/Cys 
treatment at each sampling time. Each primer pair produced a unique dissociation curve, and 
randomly selected samples from all real-time qPCR reactions were resolved by agarose gel 
electrophoresis to ensure gene amplification specificity. A negative control, a well with no 
Table 1. Primer sequence for real-time PCR
1
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template, was included in each PCR reaction to detect possible contamination. This assay was 
repeated 3 times for each muscle type and consisted of 2 replicates of each Met/Cys treatment 
per experiment. 
Statistical Analysis 
All statistical analyses were performed using the SAS PROC GLM (2010, SAS Institute 
Inc., Cary, NC). The data for each experiment included the fixed effect of Met/Cys treatment (5 
df), and differences between Met/Cys treatments within each sampling time were detected using 
Tukey’s studentized range method. Differences in all analyses were considered significant at P < 
0.05. 
RESULTS 
The mRNA expression of MyoD, myogenin, syndecan-4, glypican-1, decorin, and Pax7 
was measured by real-time qPCR during proliferation (48 and 72 h of proliferation) and 
differentiation (24, 48, and 72 h of differentiation).  
MyoD Gene Expression 
The expression of MyoD in the p. major SC was highest in the control 30/96 mg/L 
Met/Cys treatment at all times except 72 h of differentiation where the 3/9.6 mg/L Met/Cys 
treatment had higher expression of MyoD compared with the control (Figure 1A). In the b. 
femoris, expression of MyoD was highest in the control treatment except at 72 h of proliferation 
where the 7.5/32 mg/L Met/Cys treatment had the highest expression (Figure 1B). Both muscle 
types showed reduced expression of MyoD following both an increase and decrease in Met/Cys 
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concentration from the control 30/96 mg/mL Met/Cys treatment at all sampling times except for 
the 2 instances specified above (Figure 1A and B).  
Figure 1. Expression of myogenic factor 1 (MyoD) in 
pectoralis major (p. major) and biceps femoris (b. femoris) 
satellite cells (SC). The SC were cultured with variable Met 
and Cys concentrations during proliferation (P; 48 to 72 h) 
and differentiation (D; 24 to 72 h). The concentration of 
MyoD in the A) p. major and B) b. femoris SC was measured 
by quantitative real-time PCR. Bars represent the SEM. 
Values without a common letter (a–e) within times were 
significantly different (P < 0.05). 
Figure 2. Expression of myogenin in pectoralis major (p. 
major) and biceps femoris (b. femoris) satellite cells (SC). 
The SC were cultured with variable Met and Cys 
concentrations during proliferation (P; 48 to 72 h) and 
differentiation (D; 24 to 72 h). The concentration of 
myogenin in the A) p. major and B) b. femoris SC was 
measured by quantitative real-time PCR. Bars represent the 
SEM. Values without a common letter (a–f) within times 
were significantly different (P < 0.05). 
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Myogenin Gene Expression 
The expression of myogenin was the highest in either the 60/192 or 30/96 mg/L Met/Cys 
treatments throughout proliferation and differentiation in the p. major SC except at 72 h of 
proliferation where the highest expression was shared between all treatments except the 3.0/9.6 
and 0/0 mg/L Met/Cys treatments and at 24 h of differentiation where the 30/96 and 7.5/24 mg/L 
Met/Cys had the highest expression (Figure 2A). In the b. femoris SC, myogenin expression was 
the highest during proliferation in the 7.5/32 and 3.0/9.6 mg/L Met/Cys treatments (Figure 2B). 
Throughout differentiation peak expression of myogenin was with the 7.5/24 mg/L Met/Cys 
treatment at 24 h of differentiation, then the 60/192 and 30/96 mg/L Met/Cys treatments at 48 h 
of differentiation, and finally the 60/192 mg/L Met/Cys treatment at 72 h of differentiation 
(Figure 2B). As Met/Cys concentration was reduced or increased from the treatment, which 
elicited the highest expression of myogenin, mRNA expression decreased in a mostly dose-
dependent manner (Figure 2A and B). 
Syndecan-4 Gene Expression 
During both proliferation and differentiation, syndecan- 4 expression was highest in the 
control 30/96 mg/L Met/Cys treatment in the p. major SC, except at 24 and 72 h of 
differentiation where the highest expression occurred in the 7.5/24 mg/L and 3.0/9.6 mg/L 
Met/Cys treatments (Figure 3A). In the b. femoris SC, initially syndecan-4 expression was not 
affected by treatment at 48 h of proliferation except in the 1.0/3.2 mg/L and 0/0 mg/L treatments 
(Figure 3B). At 72 h of proliferation, a large increase in syndecan-4 expression occurred in the 
60/192 mg/L Met/Cys treatment with a Met/Cys dose-dependent decrease in expression 
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occurring in all other treatments (Figure 3B). Beginning at 48 h of differentiation, the 60/192 
mg/L treatmenthad lower expression of syndecan-4 compared with the 30/96, 7.5/24, and 3.0/9.6 
mg/L Met/Cys treatments (Figure 3B). In general, the highest levels of syndecan-4 expression in 
the b. femoris were with the 30/96 mg/L and the 7.5/24 mg/L Met/Cys treatments during 
differentiation (Figure 3B). 
Figure 3. Expression of syndecan-4 in pectoralis major (p. 
major) and biceps femoris (b. femoris) satellite cells (SC). The 
SC were cultured with variable Met and Cys concentrations 
during proliferation (P; 48 to 72 h) and differentiation (D; 24 
to 72 h). The concentration of syndecan-4 in the A) p. major 
and B) b. femoris SC was measured by quantitative real-time 
PCR. Bars represent the SEM. Values without a common 
letter (a–e) within times were significantly different (P < 
0.05). 
Figure 4. Expression of glypican-1 in pectoralis major 
(p. major) and biceps femoris (b. femoris) satellite cells 
(SC). The SC were cultured with variable Met and Cys 
concentrations during proliferation (P; 48 to 72 h) and 
differentiation (D; 24 to 72 h). The concentration of 
glypican-1 in the A) p. major and B) b. femoris SC was 
measured by quantitative real-time PCR. Bars represent 
the SEM. Values without a common letter (a–e) within 
times were significantly different (P < 0.05). 
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Glypican-1 Gene Expression 
In both the p. major and b. femoris SC, the highest level of glypican-1 expression 
occurred in the 30/96 mg/L Met/Cys treatment (Figure 4A and B). In the p. major muscle, 
glypican-1 expression decreased in the 7.5/24 mg/L treatment from 72 h of proliferation through 
differentiation (Figure 4A). In the b. femoris muscle SC, a decrease in glypican-1 expression was 
measured in the 1.0/3.2, and 0/0 mg/L Met/Cys treatments throughout proliferation and 
differentiation (Figure 4B). This decrease was also observed in the 60/192 mg/L Met/Cys 
treatment except at 72 h of differentiation, where no variation from the control was measured 
(Figure 4B). 
Decorin Gene Expression 
At 48 h of proliferation decorin expression decreased in all restriction treatments of the p. 
major SC (Figure 5A). After 48 h of proliferation in the p. major SC, decorin expression 
increased in the 7.5/24 through 1.0/3.2 mg/L Met/ Cys treatments compared with the 30/96 mg/L 
control treatment. At 72 h of differentiation, decorin expression in the 7.5/24 through 1/3.2 mg/L 
Met/Cys treatments groups was significantly higher than the control treatment group (Figure 
5A). The 3.0/9.6 mg/L had a significant increase in expression at 72 h of differentiation 
compared with all other treatments (Figure 5A). 
The b. femoris SC expression profile for decorin showed little effect of Met/Cys 
treatment during proliferation except in the 1.0/3.2 and 0/0 mg/L Met/Cystreatments (Figure 5B). 
At 24 h of differentiation, peak expression of decorin in the b. femoris SC occurred in the 7.5/24 
mg/L treatment with decreased expression when subjected to both increased and decreased 
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Met/Cys treatments from the control 30/96 mg/L Met/Cys concentration (Figure 5B). 
Subsequently, the highest decorin expression was observed in the control 30/96 mg/L Met/Cys 
treatment at 48 and 72 h of differentiation, which was also shared with the 7.5/24 mg/L treatment 
at 72 h of differentiation (Figure 5B). 
Figure 5. Expression of decorin in pectoralis major (p. 
major) and biceps femoris (b. femoris) satellite cells (SC). 
The SC were cultured with variable Met and Cys 
concentrations during proliferation (P; 48 to 72 h) and 
differentiation (D; 24 to 72 h). The concentration of decorin 
in the A) p. major and B) b. femoris SC was measured by 
quantitative real-time PCR. Bars represent the SEM. Values 
without a common letter (a–d) within times were 
significantly different (P < 0.05). 
Figure 6. Expression of paired box 7 (Pax7) in pectoralis 
major (p. major) and biceps femoris (b. femoris) satellite 
cells (SC). The SC were cultured with variable Met and Cys 
concentrations during proliferation (P; 48 to 72 h) and 
differentiation (D; 24 to 72 h). The concentration of Pax7 in 
the A) p. major and B) b. femoris SC was measured by 
quantitative real-time PCR. Bars represent the SEM. Values 
without a common letter (a–e) within times were 
significantly different (P < 0.05). 
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Pax7 Gene Expression 
Expression of Pax7 was the highest in the 60/192 and 30/96 mg/L Met/Cys treatments in 
the p. major SC cultures at all sampling times (Figure 6A). At 48 h of proliferation, expression of 
Pax7 in the restricted treatments was significantly reduced. This became less significant 
throughout differentiation as the 7.5/24 mg/L and subsequently 3.0/9.6 mg/L Met/Cys treatments 
had equal expression to the control from 24 through 72 h of differentiation, respectively (Figure 
6A). Expression of Pax7 in the b. femoris SC was consistent throughout proliferation and 
differentiation with the highest level of expression being with the 60/192, 30/96, and 7.5/24 
mg/L Met/Cys treatments at 48 h of proliferation and subsequently alternating between the 30/96 
and 7.5/24 mg/L Met/Cys treatments at the other sampling times (Figure 6B). At 72 h of 
proliferation and 24 and 48 h of differentiation a small but significant decrease in Pax7 
expression was observed in both the 60/192 and 3.0/9.6 mg/L treatments compared with the 
30/96 and 7.5/24 mg/L treatments (Figure 6B). A significant decrease in Pax7 expression was 
observed in the 1.0/3.2 mg/L and in the 0/0 mg/L Met/Cys treatments at all sampling times in the 
b. femoris (Figure 6B). 
DISCUSSION 
The importance of early posthatch nutrition for optimal SC mitotic activity and muscle 
development in broiler chicks is well established (Halevy et al., 2000; Mozdziak et al., 2002a). In 
vitro studies have shown SC are sensitive to restricted concentrations of Met and Cys with 
reduced proliferation and differentiation (Powell et al., 2013), increased adipogenic gene 
expression, and altered propensity to undergo apoptosis (Powell et al., 2014). These parameters 
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were also demonstrated by Powell et al. (2014) to be affected by muscle type, and previous work 
by Lagord et al. (1998) and Manzano et al. (2011) demonstrated that proliferation and myogenic 
gene expression of SC were affected by fiber type. 
Previous in vivo studies have shown that nutritional regimen in broilers will modify the 
expression of a range of genes including the MRF MyoD and myogenin that will affect SC 
proliferation and differentiation (Velleman and Mozdziak, 2005; Velleman et al., 2010; Li et al., 
2012). The in vivo expression of these genes has provided initial information to postulate 
mechanisms of how posthatch muscle growth may be affected by restricting feed during the 
immediate posthatch period. Because posthatch muscle growth is mediated in large part by the 
SC, it is likely that expression differences in the myogenic specific genes reflect changes in SC 
activity, which will affect muscle mass accretion in the bird. 
The studies of Powell et al. (2013, 2014) used Met/Cys manipulation to study nutritional 
effects on SC activity. First, Powell et al. (2013) showed that proliferation and differentiation 
were significantly reduced by changes in Met/Cys concentration, except for increased Met/Cys 
improving the rate of differentiation, with the degree of the manipulation being very important in 
the magnitude of this effect. Second, Powell et al. (2014) showed that expression of the 
adipogenic genes, peroxisome proliferator-activate receptor γ (PPARγ), which affects SC 
activity and determination (Hu et al., 1995; Singh et al., 2007), and stearoyl-CoA desaturase, 
critical for unsaturated fatty acid synthesis, were also altered by these Met/Cys manipulations. It 
is therefore likely that other genes involved in myogenic regulation are involved in altered SC 
activity following Met/Cys restriction. 
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Muscle type is another important factor to consider in the response of SC to nutrition. 
Powell et al. (2014) showed an increase in the expression of the adipogenic regulatory gene 
PPARγ in the p. major SC with Met/Cys concentrations below the control level, whereas no 
increase was observed in the b. femoris SC. The increased adipogenic gene expression in the p. 
major SC when subjected to Met/Cys restrictions (Powell et al., 2014) could have an effect on 
SC activity as an upregulation of PPARγ expression has been shown to block myogenic 
differentiation and inhibit expression of the MRF (Hu et al., 1995; Singh et al., 2007). The MRF 
MyoD and myogenin are critical in regulating SC proliferation and differentiation. It is therefore 
not surprising that the decreased proliferation and differentiation observed by Powell et al. 
(2013) following Met/Cys restriction was accompanied by decreased MyoD and myogenin 
expression in both the p. major and b. femoris SC. 
Similar to the MRF, reductions in the expression of the heparin sulfate proteoglycans 
syndecan-4 and glypican-1 occurred as Met/Cys restrictions were increased, though these 
differences became less significant by 72 h of differentiation. These data correlate with the 
reduced proliferation and differentiation observed in Powell et al. (2013). Heparan sulfate 
proteoglycans have been shown to play a pivotal role in SC activity with decreased expression of 
syndecan-4 inhibiting SC activation, proliferation, focal adhesion formation, and migration 
(Cornelison et al., 2004; Dovas et al., 2006; Velleman et al., 2007; Song et al., 2012; Shin et al., 
2013). Reductions in glypican-1 would likely affect differentiation as glypican-1 functions by 
sequestering FGF2 from its tyrosine kinase receptors (Zhang et al., 2007; Gutierrez and Brandan, 
2010; Velleman et al., 2013). Decreased glypican-1 and total heparan sulfate proteoglycan 
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expression were reported by Velleman and Mozdziak (2005) in broiler p. major muscle 
following a 3-d immediate posthatch feed deprivation. This correlates with our current in vitro 
data showing a decrease in SC glypican-1 expression with Met/Cys restrictions. Regarding 
differences between muscle types, significant changes in syndecan-4 expression were observed 
in both the p. major and b. femoris SC. In the b. femoris SC, glypican-1 expression was only 
affected by the more severe Met/Cys restriction treatments, whereas glypican-1 expression was 
affected by most Met/Cys treatments in the p. major SC. The effects on glypican-1 expression 
may be related to the expression of the MRF. Knocking down glypican-1 expression has been 
shown to reduce the expression of the MRF during both proliferation and differentiation in 
turkey p. major SC (Shin et al., 2012b) and glypican-1 deficient myoblasts have reduced 
myogenin expression (Gutierrez and Brandon, 2010). 
The Pax7 is a lineage marker of SC activity, necessary for the myogenic specification of 
SC as a muscle stem cell (Seale et al., 2000). Expression of Pax7 is elevated during activation 
and the proliferation of SC and declines as they begin to differentiate (Seale et al., 2000; Halevy 
et al., 2004). The reduced Pax7 mRNA expression of the Met/Cys restricted treatments in the  
current study suggests that the SC are not being activated and undergoing proliferation, as was 
observed by Powell et al. (2013). The Met/Cys effect on Pax7 expression may also be linked to 
reduced glypican-1 expression observed in the current study. Shin et al. (2012b) demonstrated 
knocking down glypican-1 expression reduced Pax7 expression during proliferation and 24 h of 
differentiation but not at 72 h of differentiation. Without Pax7 expression, SC will die or lose 
their myogenic specification (Seale et al., 2000; Relaix et al., 2005), which in addition to 
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reducing proliferation, may subsequently be involved in the transdifferentiation of the SC to an 
adipogenic lineage. This was hypothesized to be occurring by Powell et al. (2014) following 
Met/Cys restriction, and was more prevalent in the p. major SC compared with the b. femoris 
SC.  
Decorin expression decreased as the concentration of Met/Cys was reduced from the 
control level, and was either unaffected or decreased with the 60/192 mg/L Met/Cys treatment. 
Decorin may affect satellite cell mediated myogenesis both through its effects on cell growth, 
growth factor signal transduction, and extracellular matrix organization (Yamaguchi et al., 1990; 
Weber et al., 1996; Cabello-Verrugio and Brandan, 2007). The regulatory effects of decorin on 
satellite cell proliferation are mediated through its ability to directly bind and transduce signals 
through insulin-like growth factor receptors (Iozzo et al., 2011) and epidermal growth factor 
receptors (Moscatello et al., 1998; Santra et al., 2002). Decorin can also bind and sequester TGF-
β (Yamaguchi et al., 1990; Hildebrand et al., 1994) and myostatin (Miura et al., 2006), which are 
negative regulators of myogenic growth, away from their receptors. Changes in the expression of 
decorin as observed with varying the concentrations of Met/Cys in vitro or varying nutritional 
regimens used by the poultry industry have the potential to affect satellite cell-mediated 
myogenesis and muscle mass accretion. Altered decorin expression will also affect the structural 
and functional properties of the muscle as it is a primary regulator of collagen crosslinking 
(Velleman et al., 1996; Weber et al., 1996). The mechanical stability of a tissue like muscle is 
directly associated with the crosslinking of individual collagen molecules and fibrils 
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(McCormick, 1999). In addition, the structural architecture of the muscle could be negatively 
affected through altered collagen crosslinking and affect meat quality. 
In summary, these data demonstrate that myogenic gene expression in SC isolated from 
the broiler p. major and b. femoris muscles are affected by nutrition. For all the genes studied, 
mRNA expression generally decreased with lower concentrations of Met/Cys. This sensitivity of 
the SC to nutrition highlights the importance of quantitatively assessing the effect of a feed 
restriction in vivo, because small differences in applied restrictions at critical stages of a 
chicken’s life could significantly affect SC activity and muscle mass accretion. The in vitro data 
from the present study and those of Powell et al. (2013, 2014) will be helpful in the development 
of in vivo nutritional management strategies to optimize SC activity and subsequent muscle 
development while regulating growth to minimize skeletal and metabolic disorders.  
However, future investigations using global transcriptome profiling will further expand 
our understanding of the nutritional regulation of myogenic gene expression. 
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OVERVIEW OF CHAPTER 6 
The previous series of cell culture experiments (Chapter 3, 4, and 5) indicated that various 
aspects of in vitro satellite cell activity are influenced by dietary sulphur amino acid 
availability. These included their ability to proliferate, differentiate, contribute to 
multinucleated myotube formation (Chapter 3), and undergo adipogenic transdifferentiation 
(Chapter 4), which were likely influenced by the significant variation in myogenic regulatory 
gene expression observed (Chapter 5). As discussed in the literature review (Chapter 2), 
dietary composition in the ‘pre-starer’ period may significantly affect the satellite cells which 
are maximally active at this time. A single ‘starter’ diet formulation is generally provided 
until 10 to 15 d post-hatch, and is therefore not specifically formulated to the requirements of 
the bird in the first week post-hatch period. With this context, the trial presented in Chapter 6 
investigated whether the nutritional regulation of satellite cell activity observed in vitro, is 
also observed in vivo due to variation in dietary Met concentration in the first week post-
hatch. The effect of dietary methionine concentraction on muscle development and 
intramuscular fat deposition were also evaluated in light of their commercial relevance to the 
broiler industry. 
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ABSTRACT 
The effect of feeding diets of variable methionine concentration on breast muscle 
development was assessed in Ross 308 broiler chicks. Four isonitrogenous and isoenergetic 
starter diets were formulated to contain 7.8, 5.9, 4.6, and 3.4 g methionine/kg diet, and were 
provided for the first 7 d post-hatch. At 7 d of age  all birds were placed on an industry 
standard starter diet with 5.9 g methionine/kg diet until 14 d, and then provided standard 
broiler grower (until 28 d) and finisher (until 42 d) diets. Birds were weighed periodically 
throughout the study and feed intake and feed conversion ratio were determined. Ten birds per 
treatment were sacrificed and weighed on 0, 1, 4, 7, 14, 21, 28, 35, and 42 d. The pectoralis 
major (breast muscle) was then removed from the carcass and weighed. Samples of breast 
muscle were collected for genetic and histological analysis. Expression of the myogenic 
marker genes, myogenic differentiation factor 1 (MyoD) and myogenin, which regulate 
satellite cell activity, and the adipogenic marker gene, peroxisome proliferator-activated 
receptor gamma (PPARγ), was measured.  Histological assessment of breast muscle 
morphology and fat deposition morphology was also performed. No effect of dietary 
treatment was observed on body or breast muscle weight, feed intake or feed conversion ratio.  
Marker gene expression was also similar in all treatment groups, except for PPARγ. 
Significantly higher expression of PPARγ was observed at 0 d in the 5.9 g methionine/kg diet 
treatment, before dietary treatments were provided. Expression of PPARγ did not differ 
among treatment groups on any subsequent day.  Methionine dietary treatment had no effect 
on the morphological structure of the breast muscle, or intramuscular fat deposition. These 
results suggest that under the conditions of this study, satellite cell activity in the early post-
hatch chick, and subsequent muscle development, were not responsive to the variable 
methionine manipulations tested in the pre-starter period. 
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Key words: broiler, nutrition, adult myoblast, neonatal diet, methionine 
INTRODUCTION 
Due to improvements in genetics, as well as nutrition and environmental management, 
the slaughter age of broiler chickens has decreased significantly over the last 50 years (Vieira 
and Angel 2012). The neonatal period (from hatch to 7 d) therefore represents an increasing 
portion of a broiler’s total lifespan. A broiler’s body weight increases three to four-fold in the 
first week post-hatch, and considerable gastro-intestinal tract and muscle development occurs 
during this time (Moss et al. 1964; Murakami et al. 1992; Jin et al. 1998; Uni 2006). Protein 
has been identified as the most important dietary macro-nutrient to promote growth during 
this period (Swennen et al. 2010). In recent years it has been demonstrated that providing 
dietary crude protein (CP) above concentrations used by the U.S. industry results in improved 
feed conversion ratio (FCR) and breast muscle yield (Vieira and Angel 2012). Specifically, 
increasing the amino acid (AA) density of ‘pre-starter’ broiler diets in the first week post-
hatch increases both weight gain and economic returns (Sklan and Noy 2003; Kidd et al. 
2005). Amino acids act as signal mediators of protein synthesis, such that a high protein pre-
starter diet can upregulate the initiation of protein translation in broiler breast muscle 
(Everaert et al. 2010). Hence, optimisation of dietary AA concentration in the first week post-
hatch is an important consideration for long-term muscle growth.  
The neonatal period coincides with peak activity of the satellite cell (adult myoblast) 
population, which is a critical driver of post-hatch muscle development. Satellite cells 
contribute to muscle hypertrophy by fusing with and donating their nuclei to muscle fibres, 
facilitating increased muscle protein synthesis (Stockdale and Holtzer 1961; Moss and 
Leblond 1971).  During the first week post-hatch satellite cells are transiently active in this 
role, but subsequently revert to a quiescent state (Halevy et al. 2000, 2003; Velleman et al. 
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2014a). Feed restriction during the neonatal period has been reported to impair satellite cell 
activity, compromising muscle growth (Halevy et al. 2000, 2003; Mozdziak et al. 2002a,b; 
Pophal et al. 2003; Velleman et al. 2010, 2014a).  
Sklan and Noy (2003) hypothesised that the nutrient composition of pre-starter diets, 
in addition to the availability of feed, may also affect satellite cell activity. Deficiencies of CP, 
lysine, methionine (Met), cysteine (Cys), and threonine (Nierobisz et al. 2007), and lysine 
(Pophal et al. 2004) in the pre-starter period have been shown to transiently increase satellite 
cell mitotic activity in the muscle of neonatal poults and chicks, respectively. These studies 
demonstrate that satellite cell activity can be modified through changes to the nutrient 
composition of the pre-starter diet which could potentially affect muscle growth.   
Recent in vitro cell culture work has demonstrated that satellite cell activity is 
significantly impaired by reducing Met and Cys availability (Powell et al. 2013; 2014a,b), 
which may also be an important consideration in vivo. Methionine is an essential dietary AA 
(Scott et al. 1982), and the first limiting AA in many poultry diets (Ravindran and Bryden 
1999). Methionine content of breast muscle tissue is amongst the lowest of all essential AAs 
(Murphy 1994), but its dietary inadequacy compromises breast muscle protein accretion 
(Corzo et al. 2006; Goulart et al. 2011; Zhai et al. 2012; Wen et al. 2014). Optimising Met 
concentration in the pre-starter period to promote satellite cell activity could potentially 
improve muscle development in broilers. 
Satellite cell activity, and therefore post-hatch muscle development, is largely 
controlled by the family of myogenic regulatory factors, which include myogenic 
differentiation factor 1 (MyoD), and myogenin (Weintraub 1993). The expression of these 
regulatory factors is used as an indicator of satellite cell activity, and is responsive to 
nutritional manipulations in the immediate post-hatch period in chick and poult breast muscle, 
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and in satellite cell culture (Halevy et al. 2003; Velleman et al. 2010, 2014a; Powell et al. 
2014b). It has also been hypothesised that the satellite cell population can contribute to 
intramuscular fat deposition (Velleman et al. 2010). Following nutritional restriction, 
upregulated expression of peroxisome proliferator-activated receptor gamma (PPARγ) has 
been linked to increased intramuscular breast muscle fat deposition (Velleman et al. 2014b), 
and an increase in the lipid content in cultured satellite cells (Powell et al. 2014a). Peroxisome 
proliferator-activated receptor gamma is an adipogenic regulatory gene, which is essential for 
fat formation (Rosen et al. 1999), and blocks myogenic differentiation in favour of 
transdifferentiation of myoblasts to adipocytes (Hu et al. 1995). Satellite cells are able to 
follow an adipogenic lineage due to being multipotential stem cells (Asakura et al. 2001; 
Shefer et al. 2004). Diet composition in the pre-starter period may therefore contribute to 
satellite cell transdifferentiation and intramuscular fat deposition. 
The in vitro studies of Powell et al. (2013, 2014a,b) demonstrated that adequate 
dietary Met and Cys are necessary to maintain optimal satellite cell activity. Insufficient 
availability of these AAs impairs myogenic regulatory gene expression, and subsequent 
satellite cell proliferation and differentiation, and increases their potential for adipogenic 
transdifferentiation. To investigate the importance of Met concentration on satellite cell 
activity and subsequent muscle and intramuscular fat development in vivo, variable 
concentrations of dietary Met were provided to broiler chicks in the first week post-hatch. It 
was hypothesised that decreasing dietary Met concentration would impair satellite cell 
activity, and therefore muscle development in the bird, and possibly increase intramuscular fat 
deposition. 
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METHODS 
All experimental procedures were approved by the University of Sydney Animal 
Ethics Committee (protocol number 2013/6054) and strictly complied with the Australian 
Code of Practice for the Care and Use of Animals for Scientific Purposes (National Health 
and Medical Research Council, 2013). 
Bird Husbandry, Diets and Experimental Design 
A total of 400 male Ross-308 broiler chickens were obtained on the day of hatch from 
a commercial hatchery (Multiquip, Picton, NSW). Chicks were randomly allocated to 4 
dietary Met treatments, each containing 5 replicates of 20 chicks (n = 100 birds/treatment). 
The four treatment diets were formulated to contain 7.8 (M1), 5.9 (M2), 4.6 (M3), and 3.4 
(M4) g Met/kg diet, respectively, while remaining isoenergetic and isonitrogenous (Table 1). 
Of these four diets, M2 was formulated as an industry standard reference. The four Met 
treatment diets were provided to chicks from 0 to 7 d as crumbled pellets, after which all birds 
were placed onto the standard M2 starter crumbled diet until 14 d. All birds were then 
provided with a standard pelleted broiler grower diet until 28 d, and finisher diet until 42 d 
(Table 1). Feed and water were available ad libitum. Birds were housed on floor pens within 3 
adjacent temperature-controlled rooms. Replicate pens for each treatment were evenly 
distributed between the three rooms, and at randomly allocated locations within each room. 
Temperature was set to 32°C at placement and was incrementally reduced to 21°C by 21 d. 
The lighting schedule was 23 h of light from placement to 5 d, and 16 h of light from 6 to 42 
d. Feed intake and individual bird weight were recorded weekly, and FCR was calculated for 
the periods 0 to 7 d, 7 to 28 d, 28 to 42 d, and 0 to 42 d. The FCR was calculated for each 
period by dividing the feed consumed per pen by the weight gained by all birds in the pen 
during the period. 
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All diets were mixed and pelleted onsite at the Poultry Research Unit, University of 
Sydney (Camden Campus, NSW, Australia) and samples were taken for analysis. Diet 
samples were analysed in duplicate for AA composition, by Waters AccQTag Ultra 
Chemistry following liquid hydrolysis (Australian Proteome Analysis Facility, NSW, 
Australia) after the experiment was conducted. Samples for analysis of Met and Cys were 
prepared using performic acid oxidation followed by gas phase hydrolysis, as these AA are 
1
Starter treatment diets formulated to contain 7.8 (M1), 5.9 (M2), 4.6 (M3), and 3.4 (M4) g 
methionine/kg diet.  
2 
Composition is expressed as % except for metabolisable energy (ME) which is expressed as 
kcal/kg of diet. 
3
Each kg of premix provided vitamin AD3, 12 MIU; vitamin A, 12 MIU; vitamin D3, 5 MIU; 
vitamin E, 50 g; vitamin K3, 3 g; vitamin B1, 3 g; vitamin B2, 9 g; vitamin B6, 5 g; vitamin 
B12, 25 mg; biotin, 0.2 g; pantothenic acid, 18 g; folic acid, 2 g; niacin, 50 g; copper, 20 g; 
cobalt, 0.25 g; iodine, 1 g; iron, 40 g; manganese, 110 g; molybdenum, 2 g; selenium, 0.3 g; 
zinc, 90 g; ethoxyquin, 125 g; and rice hull, 300 g. 
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destroyed or converted to other compounds by liquid hydrolysis (Rutherfurd and Gilani 
2009). 
Sample Collection 
Two birds per replicate per treatment were randomly selected, weighed, and sacrificed 
by cervical dislocation at 0, 1, 4, 7, 14, 21, 28, 35, and 42 d. The breast muscle, including the 
sternum, was then removed from each carcass and weighed, and breast muscle tissue was 
sampled for use in histological and RNA analysis. Relative breast weight was calculated as a 
percentage of total body weight. 
Histological Analysis 
After removal of the skin from the breast region, a sample of the upper right breast 
muscle was obtained by carefully dissecting approximately a 0.5 cm wide by 0.5 cm deep 
section of the muscle following the orientation of the muscle fibres, for a length of about 4 
cm. The muscle samples were stored in 10 % (vol/vol) neutral buffered formalin (NBF; 
Fronine Laboratory Supplies, New South Wales, Australia) at room temperature for at least 24 
hours to allow for fixation of the tissue. After fixation the samples were shipped to the 
Veterinary Pathology Diagnostics Services Centre at the University of Sydney (Camperdown 
campus, NSW, Australia) for processing. Here the samples were embedded in paraffin, 
sectioned at 5 µm, and mounted on plain microscope slides (Leica Microsystems, New South 
Wales, Australia). The slides were stained using Gills II hematoxylin (Fronine Laboratory 
Supplies) for 3 min, rinsed in Scott’s Blue Solution (Fronine Laboratory Supplies) for 2 min, 
and counterstained in 1% Alcoholic Eosin Y (Fronine Laboratory Supplies) for 1 min.    
The stained muscle sections were analysed for muscle morphology with an Olympus 
BX 51 microscope (Olympus Australia, Victoria, Australia) and CellSens Entry software 
(Olympus Australia). Two fields were photographed per section under a 10x objective for 
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measurement of myofibre width at 7, 14, 28, and 42 d, and adipocyte width at 28 and 42 d. 
The photographed sections from 7, 28, and 42 d were scored by 2 individual observers as 
described in Velleman et al. (2003). Each section was given two scores, one for muscle 
morphology, and a second for fat deposition. Scores ranged from one to five. Examples of 
these scores are presented in Figure 1. For muscle morphology a score of one indicated a 
section with little extracellular matrix and indistinct muscle fibres (Fig. 1A), while a score of 
five indicated a section with large extracellular spaces and distinct muscle fibres (Fig. 1C). A 
score of three represented an intermediate between these two extremes (Fig. 1B). In assessing 
fat deposition a score of one indicated extensive fat deposition (Fig. 1D), while a score of five 
indicated there was no observable fat deposition (Fig. 1F). Again, a score of three represented 
an intermediate between these two extremes (Fig. 1E).  
 
Figure 1. Examples of the morphological structure of the pectoralis major muscle at 42 d of age. A is a section 
given a morphology score of 1 (little extracellular matrix and indistinct muscle fibres), compared to B with an 
intermediate score of 3, and C with a score of 5 (large extracellular space and distinct muscle fibres). D is a section 
given a fat deposition score of 1 (extensive fat deposition), compared to E with an intermediate score of 3, and F 
with a score of 5 (no observable fat deposition). The arrow in C highlights an individual muscle fibre, and the 
asterisk indicates perimysial connective tissue spacing. The arrow in D highlights a fat depot. Scale bar = 200 µm.  
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Total RNA Extraction and cDNA Synthesis 
For RNA extraction, a sample of muscle was taken from the left breast, placed in 
RNAlater (Life Technologies, California, USA) and kept at room temperature for 24 h, before 
being stored at -20°C. Total RNA was extracted from the breast muscle tissue using RNAzol 
(Molecular Research Center, Ohio, USA) according to the manufacturer’s protocol. The 
cDNA was synthesised using Superscript III Reverse Transcriptase (S3-RT; Invitrogen, 
Massachusetts, USA). Each reaction consisted of 0.5 µg of five samples from each 
treatment/sample day, pooled for a total 2.5 µg total RNA. This was combined with 1 µL of 
Oligo dT (Promega, Wisconsin, USA), and nuclease-free water to make up to a volume of 
13.5 µL, incubated at 80°C for 5 min, and then cooled on ice for a further 5 min. This was 
combined with the reaction mixture containing 4 µL 5x First Strand Buffer (Invitrogen), 1 µL 
10 mM deoxynucleoside triphosphate mix (Promega), 0.5 µL of RNasin (40 U/µL; Promega), 
0.5 µL of S3-RT, and nuclease-free water up to 6.5 µL. The total 20 µL reaction was 
incubated at 50°C for 60 min and then heated at 75°C for 15 min to stop the reaction. After 
cDNA synthesis, 10 µL of nuclease-free water was added to the cDNA. 
RNA Quantification 
Real-time quantitative PCR (qPCR) was performed using the ABsolute qPCR SYBR 
Green Mix kit (Fisher Scientific, Massachusetts, USA) in a Rotorgene RG-3000 (Corbett 
Research, New South Wales, Australia). Each qPCR reaction consisted of 1 µL of cDNA, 5 
µL of qPCR SYBR Green Mix, 2 µL of 2.5 µM primer mixture (forward and reverse) of the 
target genes (MyoD, myogenin, and PPARγ), and nuclease-free water up to 10 µL.  The 
MyoD, myogenin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primer 
sequences employed in this study are published in Powell et al. (2014b), while the PPARγ 
primer sequences are published in Powell et al. (2014a). The specificity of each of these gene-
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specific primers was confirmed by DNA sequencing of the amplified sequence product 
(Molecular Cellular Imaging Center, The Ohio State University/Ohio Agricultural Research 
and Development Center, Ohio, USA). The real-time qPCR was performed with the following 
conditions: denaturation (94°C for 15 min), amplification and quantification (35 cycles of 
94°C for 30 s, 55°C (PPARγ and GAPDH) or 58°C (MyoD and myogenin) for 30 s, and 72°C 
for 30 s), and final extension at 72°C for 5 min. The melting curve program was 52°C to 
95°C, 0.2°C/read, and a 1-s hold. The relative level of gene expression was calculated using 
the standard curve for each target gene as described previously by Liu et al. (2006). Standard 
curves were constructed for each gene and GAPDH with serial dilutions of the purified PCR 
products of MyoD, myogenin, PPARγ, and GAPDH. The mole amount of sample cDNA for 
each gene from each treatment was interpolated from the corresponding standard curve. All of 
the sample concentrations fell within the values of the standard curves. The mole amount of 
sample cDNA for each gene was then normalised across treatments and time points by 
dividing the concentration of each respective sample cDNA by its corresponding GAPDH 
mole concentration.  The resulting value is reported as an arbitrary unit as described in Liu et 
al. (2006). Randomly selected samples from all real-time qPCR reactions were resolved by 
agarose gel electrophoresis to ensure gene amplification specificity. A negative control with 
no template was included in each PCR reaction to detect possible contamination of the 
reaction mix. This assay was repeated 2 times for each gene and consisted of 2 replicates of 
each sample. 
Statistical Analysis 
The linear mixed model in GenStat 16
th
 Edition (VSN International, Hemel 
Hempstead, UK) was used to analyse body weight, breast weight, gene expression, FCR, 
myofibre width, and adipocyte width. For all parameters except gene expression, the fixed 
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effect was the starter Met diet treatment. The room and pen in which the birds were housed 
were included as random effects, with pen being nested within room. For gene expression, the 
fixed effect was Met diet treatment, with no random effects due to sample pooling. Analysis 
of myofibre width and adipocyte width included bird, nested within pen, nested within room 
as random effects due to multiple measurements being taken per bird sampled. Scoring of 
breast muscle for morphology and the presence of intramuscular fat was analysed by ordinal 
logistic regression using the ordinal library in R version 3.0.1 (R Core Team, 2015). The fixed 
effect was starter Met diet, with observer nested within bird, nested within pen, nested within 
room as random effects. 
RESULTS 
In all starter treatment diets the analysed concentration of Met varied by 6-18% from 
the intended concentration, while in the grower and finisher diets Met was 4% higher than 
intended (Table 2). During diet formulation the Cys levels in all starter treatment groups were 
calculated at 3.6 g/kg.  However on analysis, Cys was found to be 3% lower in M1, 11% 
higher in M2, 31% higher in M3, and 6% lower in M4 than intended (Table 2). The M3 diet 
was a 50:50 blend of the M2 and M4 diets. The high analysed Cys concentration of the M3 
diet was potentially a consequence of uneven sample mixing resulting in the analysed M3 
1
All values are total and in g/kg. 
2
Starter treatment diets formulated to contain 7.8 (M1), 5.9 (M2), 4.6 (M3), and 3.4 (M4) g methionine/kg diet 
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sample predominantly consisting of the M2 diet. This could also explain why the analysed 
Met concentration in M3 was higher than intended. These differences culminated in the 
analysed total sulfur AA (SAA) concentration being higher than intended for M1 and M3. M1 
had 12.7 g SAA/kg diet, while M2 and M3 had similar concentrations of 9.6 and 10.1 g 
SAA/kg diet, respectively. Finally, M4 had 7 g SAA/kg diet as intended (Table 2). However, 
the analysed concentration of all other AAs tested following HCl liquid hydrolysis, including 
lysine and threonine (Table 2), were comparable to the intended value.   
Figure 2. Body weight (g) of all birds from A) 0 to 7 d and B) 0 to 42 d, and C) relative breast weight (% of body weight) of 
sampled birds from 0 to 42 d. Birds were provided one of four starter diets containing 7.8 (  M1), 5.9 (  M2), 4.6 (  M3), 
and 3.4 (  M4) g methionine/kg diet. The error bar represents the SEM. 
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Mean body weight was not affected (P > 0.1) by dietary Met treatment from 0 to 7 d 
(Fig. 2A), or 0 to 42 d (Fig. 2B). Similarly, relative breast weight was unaffected (P > 0.1) by 
Met treatment from 0 to 42 d (Fig. 2C). There were no significant differences (P > 0.1) in feed 
intake, or FCR between treatment groups from 0 to 7 d, 7 to 28 d, 28 to 42 d, or 0 to 42 d, 
including all birds sampled throughout the experiment (Table 3). 
Morphologically, there were no differences (P > 0.1) in myofibre width (Fig. 3A), or 
adipocyte width (Fig. 3B) of the breast muscle tissue at any point measured. The scoring of 
overall breast muscle morphology on 7, 28, and 42 d (Fig. 4A, B, and C, respectively), and fat 
Figure 3. Histological measurement (µm) of A) myofibre width, and B) adipocyte width from the breast muscle 
of sampled birds provided one of four starter diets containing 7.8 (  M1), 5.9 (  M2), 4.6 ( M3), and 3.4 (  
M4) g methionine/kg diet. Each data point represents a mean of 40 measurements per section, from 10 breast 
muscle cross-sections. The error bar represents the SEM. 
 
1
Values represent mean ± standard error of the mean (SEM). 
2
Values include measurements from all birds sampled during, and those living until the end of the analysed 
period. 
3
Starter treatment diets contain 7.8 (M1), 5.9 (M2), 4.6 (M3), and 3.4 (M4) g methionine/kg diet.  
4
Feed intake in grams.  
5
Feed conversion ratio, excluding weight at placement. 
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deposition on 28 and 42 d (Fig. 4D, and E, respectively) within the muscle did not differ (P > 
0.1).  
Expression of the myogenic regulatory factors MyoD (Fig. 5A) and myogenin (Fig. 
5B) did not vary (P > 0.05) among dietary treatments. Expression of PPARγ only varied at 0 d 
(Fig. 5C), which was at the start of the experiment, before chick access to the treatment diets.  
At this time M2 chicks had significantly higher (P < 0.05) PPARγ expression than all other 
treatment groups (Fig. 5). Unfortunately gene expression data could not be obtained from 1 d 
muscle samples as the RNA had degraded following a freezer failure. This was confirmed by 
degradation of ribosomal RNA bands visualised on a formaldehyde gel. 
Figure 4. Ordinal scoring analysis of breast muscle sections of sampled birds provided one of four starter diets containing 7.8 
(M1), 5.9 (M2), 4.6 (M3), and 3.4 (M4) g methionine/kg diet. Analysis for breast muscle morphology was conducted at A) 7 
d, B) 28 d, C) 42 d, and for intramuscular fat deposition morphology at D) 28 d and E) 42 d. Muscle morphology scores 
ranged from 1 (little extracellular matrix and indistinct muscle fibres) to 5 (large extracellular space and distinct muscle 
fibres), and fat depot morphology from 1 (extensive fat deposition) to 5 (no observable fat deposition).  
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DISCUSSION 
A number of studies have demonstrated the effect of post-hatch feed deprivation on 
satellite cell activity (Halevy et al. 2000, 2003; Mozdziak et al. 2002a,b; Velleman et al. 2010, 
2014a; Kornasio et al. 2011). Dietary nutrient composition has also been shown to affect 
satellite cell activity, as seen in neonatal turkeys and broilers (Pophal et al. 2004; Nierobisz et 
al. 2007), and also in vitro (Powell et al. 2013, 2014a,b). Therefore, in addition to supplying 
ad libitum feed as close to hatch as possible, optimisation of pre-starter diet formulations 
could potentially improve muscle growth by enhancing satellite cell activity. In spite of this 
observed link between nutrition and satellite cell activity, the varied Met concentration 
provided in the pre-starter period in the current study did not affect muscle development, with 
no indication of an effect on satellite cell activity.  
Figure 5. Expression of A) myogenic differentiation factor 1 (MyoD), B) myogenin, and C) peroxisome 
proliferator-activated receptor gamma (PPARγ) in the breast muscle of sampled birds provided diets containing 7.8 ( 
 M1), 5.9 (  M2), 4.6 (  M3), and 3.4 (  M4) g methionine/kg diet. Bars without a common letter (a and b) 
within day were significantly different (P < 0.05). The error bar represents the SEM. 
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There are several related factors which could explain the lack of response to variations 
in Met concentration fed to chicks from 0 to 7 d on bird performance, and muscle 
development. Possible factors of influence include the relationship between dietary levels of 
CP and AA, and characteristics of Met digestibility in young chicks. The potential for 
increased Met or SAA concentrations to affect broiler growth rates can be modulated by the 
levels of CP in the diet. As dietary CP increased above 230 g/kg, growth rates and breast meat 
yield were observed to plateau at a significantly higher AA, and specifically SAA 
concentration than in diets where CP was below 230 g/kg (Sklan and Noy 2003; Vieira et al. 
2004). Feeding a pre-starter diet containing CP above recommended levels has also been 
shown to increase cytoplasmic serine/threonine ribosomal protein S6 kinase (S6K1) activity 
in neonate chick muscle (Everaert et al. 2010). Serine/threonine ribosomal protein S6 kinase is 
a regulator of protein translation, and its upregulation in the breast muscle would increase 
overall demand for AAs by the chick. In the current study, all treatment diets contained an  
intermediate CP level of 214 g/kg. This may have masked any effect of increasing the SAA 
concentration due to a lower requirement for AA, and reduced protein translation within the 
muscle tissue. The consequence of altering Met concentration on muscle development, and 
satellite cell activity may be more apparent when chicks are consuming a diet of higher CP 
content than that which was used in the current study.  
Methionine digestibility is low at the time of hatch (43%, compared to 75% at 4 d; 
Noy and Sklan 2001). Subsequent increases in Met digestibility during the early post-hatch 
period may also be impeded by delayed access to feed (Noy and Sklan 2001), which is most 
likely due to impaired gut development (Noy et al. 1996). The birds in the current study were 
transported from a commercial hatchery, and subsequently weighed, tagged, and allocated 
into treatment groups. This delayed their access to feed and water by several hours, in addition 
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to the time they had spent at the hatchery prior to being dispatched. The digestibility of Met in 
the neonatal birds was therefore already low, and potentially further impaired by their delayed 
access to feed. This is an important consideration as satellite cell activity is particularly 
sensitive to nutritional deficiencies immediately after hatch, becoming progressively less 
sensitive as the birds approach 7 d of age (Halevy et al. 2000). The low digestibility of Met at 
hatch could reduce the consequence of the dietary Met treatments on satellite cell activity at 
this time. As the bird approaches 7 d of age their ability to digest Met increases and therefore 
the effect of the differences in dietary Met levels on muscle development may be expected to 
increase. However, this coincides with the satellite cell population becoming quiescent, 
reducing any potential dietary treatment effect on myonuclear accretion.  
During the early post-hatch period the chick can draw on nutrients, including protein, 
from the residual yolk, to meet its nutritional requirements. The provision of a low protein 
diet has been reported to expedite yolk sac utilisation, where it functions as a compensatory 
source of protein (Swennen et al. 2010). This could buffer the dietary Met levels experienced 
by the chick, making them less apparent in real terms and reducing their impact on chick 
performance, and muscle development. Therefore, the utilisation of protein from the residual 
yolk sac, low levels of Met digestibility in the neonatal chick, and the influence of dietary CP 
levels in conjunction with AA levels on broiler muscle growth, may have singularly or in 
combination, nullified the response of the birds to the dietary Met treatments in this study.  
The expression of the myogenic transcriptional regulatory factors, MyoD and 
myogenin, was unaffected by the treatment diets, which indicated there was no effect on 
satellite cell activity. The trend in MyoD and myogenin expression over 0 to 7 d reflected that 
of control birds in the study reported by Velleman et al. (2014a). Peak expression of MyoD 
was reported at 0 d which then decreased substantially by 4 d. Conversely, myogenin 
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expression was upregulated at 4 d before returning to a baseline at 7 d. However, it must be 
acknowledged that no expression data for 1 d post-hatch was obtained in the present study, at 
which point variable myogenic regulatory factor expression due to the treatments would most 
likely be observed. 
 Muscle morphology was not significantly altered by the dietary Met treatments.  
Taken together with the gene expression data, these findings support the conclusion that 
satellite cell activity was not affected by the Met concentrations tested in this experiment. In 
addition to the regulation of myogenic development, Velleman et al. (2010) hypothesised that 
impaired satellite cell activity following nutritional restriction could cause cells to follow an 
alternate path of differentiation to form intramuscular adipocytes. This was supported by the 
reported increase in intramuscular fat deposition and upregulation of the adipogenic 
regulatory gene PPARγ in breast muscle by Velleman et al. (2014b). This effect has also been 
reported in satellite cell culture as evidenced by increased PPARγ expression and lipid droplet 
formation following nutritional restriction in vitro (Powell et al. 2014a). In the present study, 
however, the uniform adipocyte width, observable fat deposition, and PPARγ gene expression 
after treatments were applied, indicated there was no effect on intramuscular fat deposition. 
The variable PPARγ expression observed at 0 d may have been related to the individual hatch 
time of chicks. Chicks hatch over a 24 to 48 h window, and we have observed significantly 
increased PPARγ expression in later hatched chicks at the time of hatch, 0, and 1 d 
(submitted, Powell et al.). Therefore, a large proportion of the M2 treatment chicks sampled at 
0 d may have been later hatched chicks, resulting in increased PPARγ expression. 
The apparent lack of treatment effect may indicate that muscle development is not 
acutely vulnerable to Met deficiency in the immediate post-hatch period, compared to more 
severe partial feed restriction during the first one to two weeks post-hatch (Velleman et al. 
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2010, 2014a) or total feed deprivation for 2 d post-hatch (Halevy et al. 2000). Interestingly, 
the altered satellite cell mitotic activity observed following nutritional restriction in the pre-
starter period by Pophal et al. (2004), and Nierobisz et al. (2007), involved reductions of 
between 12-18% of dietary lysine. Lysine is the most abundant essential AA in skeletal 
muscle protein (Tesseraud et al. 2011). It exerts a significant effect on muscle growth and 
composition, and its deficiency has been linked to increased protein degradation, and 
myonuclei apoptosis in breast muscle tissue (Tesseraud et al. 2001; Nierobisz et al. 2009). 
Powell et al. (2013) observed reduced satellite cell activity following a 75% or greater 
reduction of Met and Cys concentration in vitro, which is a significantly larger reduction in 
SAA concentration than the 42% reduction of the M4 treatment utilised in this study. This 
indicates that satellite cell activity is not likely to be affected by practical variations in dietary 
Met concentration in the pre-starter period, as opposed to its responsiveness to lysine 
concentration.  
No effect of altered dietary Met from 0 to 7 d was observed on broiler muscle growth 
or satellite cell regulatory gene expression, indicating muscle development is not acutely 
sensitive to reductions of up to 42% Met in the immediate post-hatch period. Similarly, 
increasing Met above the industry standard concentration of M2 did not affect muscle growth 
or morphology. This suggests that variations in dietary Met concentrations that may occur in 
commercially prepared diets are unlikely to impair the satellite cell contribution to muscle 
development. However, dietary CP level is an important consideration in this relationship, as 
muscle growth is more responsive to SAA concentration in high CP diets. Investigations 
utilising diets formulated with high CP in conjunction with variable SAA concentrations, are 
more likely to elicit a response between SAA concentration, satellite cell activity, and muscle 
growth. The timing of access to feed is a critical factor influencing satellite cell activity, and is 
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likely to modulate any effect of dietary formulation. Therefore, optimisation of satellite cell 
activity and muscle growth via chick management and access to feed must be addressed, in 
addition to considering pre-starter diet formulation.  
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OVERVIEW OF CHAPTER 7 
The variable dietary methionine treatments provided to chicks in the pre-starter period (Chapter 
6) did not significantly affect satellite cell activity, or subsequent muscle development. However, 
several factors were identified which may have contributed to this lack of an effect, including the 
delay in chicks receiving access to feed. This is exacerbated by chicks hatching variably over a 
24 to 48 h period, during which all birds remain within the incubator without feed (Chapter 2). 
The hatch time of individual birds has been identified as a potentially significant consideration 
influencing muscle development in its own right during this period, although no studies have 
investigated the significance of hatch time on muscle development through to market age 
(Chapter 2). Additionally, the timing of birds access to feed, which is known to be an important 
regulator of satellite cell activity and muscle development, may also influence this hatch time 
specific regulation of bird development (Chapter 2). The trial presented in Chapter 7 therefore 
investigated the potential effect of chick hatch time, and its interaction with the timing of access 
to feed on satellite cell activity and muscle development. Chicks were classified as early, 
midterm, or late hatching and provided either immediate access to feed at hatch, or 24 h delayed 
access to feed after removal from the incubator. Similar to the previous broiler trial (Chapter 6), 
breast muscle growth and morphological structure were investigated to determine their 
relationship to satellite cell activity. 
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ABSTRACT 
The effect of hatch time and the timing of access to feed on growth rate and breast 
muscle development was assessed in Ross 308 broiler chickens. Chicks were removed from the 
incubator upon hatching, and classified as early (EH), midterm (MH), or late (LH) hatchers, 
based on the duration of their incubation. Feed and water were available either immediately at 
hatch, or 24 h after the conclusion of the hatch period. Hatchling body weight was uniform 
regardless of hatch time. Subsequently, bodyweight was increased in EH compared to LH birds 
following immediate access to feed, until 7 d in female, and 14 d in male birds. Relative breast 
weight was increased until 28 d in birds with immediate access to feed, and also EH and MH 
birds regardless of access to feed. Pectoralis major muscle morphology and expression of the 
myogenic regulatory factors myogenic determination factor 1 (MYOD1) and myogenin, and the 
proteoglycans syndecan-4, glypican-1, and decorin were measured. Myogenin and glypican-1 
stimulate satellite cell (SC) differentiation.  Glypican-1 expression was unaffected by treatment. 
A late increase in myogenin expression was observed in MH birds with delayed access to feed, 
and all LH birds. Syndecan-4 and MYOD1, expressed in proliferating SC, and decorin, which 
stimulates SC proliferation and differentiation, were variably upregulated in the first wk post-
hatch in the same birds. These data suggest SC were activated and proliferating, but had reduced 
differentiation in later hatching and feed deprived birds. Conversely, EH birds with immediate 
access to feed had maximal myofiber width at 7 d, while fiber width was increased in birds with 
immediate access to feed compared to those with delayed access to feed through 40 d of age. 
These results demonstrate that delaying chick access to feed for 24 h upon removal from the 
incubator will impair muscle growth. Additionally, hatch time influences muscle development, 
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with accelerated muscle growth in EH and MH, compared to LH birds, irrespective of access to 
feed.  
Key words: Hatch time, adult myoblast, post-hatch feed, myogenic regulatory factor  
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INTRODUCTION 
In commercial settings, hatching occurs over a 24 to 48 h window and hatchlings are held 
in the incubator until the majority of chicks have cleared the shell. Thus, early hatched chicks 
have an extended period without access to feed and water, compared to chicks that emerge from 
the egg later in the hatching period. Subsequent processing at the hatchery and transport to farm 
can then require an additional holding period of up to 48 h.  During this time food or water may 
not be available which decreases chick body weight, mainly due to the utilization of the residual 
yolk content (Noy and Sklan, 1999). 
Delayed access to feed post-hatch has been shown to reduce body weight and breast 
muscle weight (Halevy et al., 2000, 2003; Bigot et al., 2003; Kornasio et al., 2011; Lamot et al., 
2014). An important regulator of skeletal muscle development affected by post-hatch nutrition is 
the adult myoblast population, termed satellite cells (SC). Satellite cells facilitate muscle 
hypertrophy by fusing with and donating their nuclei to existing myofibers, enabling increased 
muscle protein synthesis (Stockdale and Holtzer, 1961; Moss and Leblond, 1971). Satellite cells 
are maximally active in this role during the first wk post-hatch in chickens, and their mitotic 
activity and contribution to myonuclear accretion is depressed by nutritional restriction during 
this time, inhibiting muscle growth (Halevy et al., 2000, 2003; Mozdziak et al., 2002; Moore et 
al., 2005; Velleman et al., 2010, 2014).  
Satellite cell activity is controlled by the expression of a number of regulatory genes 
including the myogenic regulatory factors (MRF) myogenic determination factor 1 (MYOD1), 
and myogenin. Activated and proliferating SC express MYOD1, which is critical in determining 
cellular fate (Weintraub, 1993; Yablonka-Reuveni et al., 1999). Subsequently, myogenin is 
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upregulated during, and is required for, their terminal differentiation (Weintraub, 1993; 
Yablonka-Reuveni and Paterson, 2001). The expression of the MRF are affected by feed 
deprivation, or partial feed restriction in chicks (Velleman et al., 2010, 2014), poults (Halevy et 
al., 2003), and SC culture (Averous et al., 2012; Powell et al., 2014), impacting breast muscle 
growth and development.  
In addition to the regulation of SC activity by the MRF, the extracellular matrix (ECM) 
environment also contributes to their regulation, through signal transduction and modulation of 
growth factor activity (Velleman, 1999). Involved in this regulation are the membrane associated 
cell surface proteoglycans syndecan-4 and glypican-1. An important function of syndecan-4 is 
the regulation of SC focal adhesion formation and migration via its oligomerization, activation of 
protein kinase C-alpha (PKCα), and downstream activation of ras homolog gene family member 
A (RhoA) (Shin, et al., 2012b, 2013; Song et al., 2012). This is important as muscle cell 
migration has been observed to facilitate their subsequent differentiation and fusion (Mylona et 
al., 2006; Bae et al., 2008). Glypican- 1 regulates fibroblast growth factor 2 (FGF2) signal 
transduction, either sequestering it from its tyrosine kinase receptors in lipid raft domains in its 
membrane bound form, or sequestering it in the ECM in its shed form (Brandan et al., 1996; 
Gutiérrez and Brandan, 2010; Velleman et al., 2013). This regulation is critical as FGF2 is a 
potent inhibitor of myogenic differentiation (Dollenmeier et al., 1981). Syndecan-4 has also been 
demonstrated to regulate FGF2 signaling in other cell types but appears to act in an FGF2-
independent manner in turkey SC, and therefore likely chicken SC as well (Velleman et al., 
2007; Zhang et al., 2008; Song et al., 2012). The small leucine rich proteoglycan decorin also 
regulates growth factor activity, attenuating transforming growth factor β1 (TGF-β) and 
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myostatin signaling (Droguett et al., 2006; Miura et al., 2006; Kishioka et al., 2008), which are 
potent inhibitors of myoblast proliferation and differentiation (Martin et al., 1992; Langley et al., 
2002). Decorin can also directly regulate cell growth by binding to the insulin-like growth factor 
1 receptor (IGF-IR) and the epidermal growth factor receptor (EGFR), which results in 
stimulation of myoblast differentiation (Zhu et al., 2005; Leroy et al., 2013; Suzuki et al., 2013). 
Downregulation of these proteoglycans has been observed following nutrient restriction in SC 
culture in vitro (Powell et al., 2014), and also in post-hatch chick breast muscle in the case of 
syndecan-4 and glypican-1 (Velleman and Mozdziak, 2005; Velleman et al., 2010).  
The hatch time of chicks is another variable which may be involved in the relationship 
between post-hatch nutrition, SC regulation, and muscle development. Chick hatch time is often 
ignored as a variable in studies of post-hatch muscle development, despite reported differences in 
growth rates between earlier vs. later hatched birds (Careghi et al., 2005; Lamot et al., 2014; 
Wang et al., 2014). Delayed access to feed negates or alters growth rate differences of earlier and 
later hatching chicks (Careghi et al., 2005; van de Ven et al., 2013; Wang et al., 2014), and 
similarly masks interfamilial genetic potential of neonate chicks (Bigot et al., 2003). This may 
explain why hatch time has largely been ignored as a factor in broiler development. However, 
bird physiology varies with hatch time, as late hatching chicks are reportedly more mature based 
on increased organ weights (Fairchild and Christensen, 2000; van de Ven et al., 2011, 2013). The 
thyroid hormones, triiodothyronine (T3) and thyroxine (T4), also vary based on hatch time. The 
levels of circulating thyroid hormones are significantly lower in late hatched chicks, and have 
been linked to reduced chick quality and performance to 7 d (Decuypere et al., 1990; Buys et al., 
1998; Careghi et al., 2005; Decuypere and Bruggeman, 2005; van de Ven et al., 2011). Alternate 
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commercial brooding systems have been developed to provide chicks with immediate access to 
feed and water upon hatching, such as that described by van de Ven et al. (2009). Within these 
systems, innate differences due to hatch time are enhanced by immediate access to feed, with 
potentially significant implications for chick muscle growth and development. Despite this 
evidence of physiological differences based on hatch time, including muscle growth, a thorough 
investigation of the influence of hatch time on subsequent muscle growth and development to 
processing age has not been conducted. 
This study was designed to assess the impact of broiler hatch time on muscle 
development through to slaughter age. To achieve this, the hatch time of individual birds was 
compared to their myogenic regulatory gene expression, body weight gain, and muscle growth 
and morphological development. The influence of immediate or 24 h delayed access to feed and 
water on this relationship was also considered. It was hypothesized that all birds, and specifically 
earlier hatched chicks, would have significantly improved muscle development when immediate 
access to feed and water was provided at hatch.  
MATERIALS AND METHODS  
All experimental procedures were approved by the University of Sydney Animal Ethics 
Committee (protocol number 2014/619) and strictly complied with the Australian Code of 
Practice for the Care and Use of Animals for Scientific Purposes as prepared by the National 
Health and Medical Research Council, 2013. 
Experimental Design 
The effect of hatch time within a 37 h hatch window, and time of access to feed and 
water were studied separately in male and female chickens using a 3x2 factorial arrangement. 
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Treatments were hatch time, consisting of early (EH), midterm (MH), and late (LH) hatching 
birds, and time of access to feed and water. Chicks were either provided access to feed and water 
within 3 h of hatching, which in this study is notionally classified as immediate access to feed 
and water, or 24 h delayed access to feed and water from the conclusion of the hatching window 
at 517 h after onset of incubation.  
The incubator was inspected every 3 h from 468 to 517 h after onset of incubation. To 
facilitate inspection, the hatching trays (each containing 60 eggs) were removed from the 
incubator one at a time. During each hatching tray inspection the incubator remained closed to 
minimize any disturbance to its internal climate conditions. Within each sex the hatching 
procedure was as follows. The first 170 chicks removed from the incubator were assigned to the 
EH group, of which 85 were provided immediate access to feed and water, and 85 received 24 h 
delayed access to feed and water. The next 12 chicks removed from the incubator were excluded 
from the study to separate the hatch time subpopulations. This was then repeated for both the 
MH, and LH groups, with chicks hatched subsequent to the LH group being excluded from the 
study. Chicks from each hatch group and feed treatment combination (n = 85) were evenly 
distributed over 5 floor pens (n = 60 floor pens in total, including male and female birds). Each 
pen therefore housed a total of 17 birds at the start of the trial. Each alternating chick of each sex 
removed from the incubator was designated to receive immediate or delayed access to feed and 
water. After hatching and being removed from the primary incubator, those chicks designated to 
receive delayed access to feed and water remained in transport trays in a secondary incubator. 
The secondary incubator was maintained at the same temperature and humidity as the primary 
incubator, emulating chicks remaining in the incubator until the end of the hatch period in 
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commercial settings. These chicks were then transported to the floor pens at the end of the hatch 
window at 517 h after onset of incubation. After a further 24 h they were given access to feed 
and water.  
Incubation and Hatch 
Fertile Ross 308 eggs (n = 1307; average weight of 59.6 g) were obtained from a 
commercial hatchery (Baiada Poultry, Marsden Park, New South Wales, Australia) and initially 
incubated at an eggshell 
temperature of 37.8°C and 56% 
relative humidity (RH) using an 
Aussieset incubator (Bellsouth 
Pty Limited, Victoria, Australia) 
for 432 h. Eggs that had cracked, 
dirty or deformed shells were 
excluded from the study before 
incubation commenced. Eggs 
were candled at 336 h of 
incubation, at which time 79 
non-viable eggs (6.04% of total) 
were removed. At 432 h of 
incubation, the eggs were 
transferred into hatching trays in 
the same incubator and the 
1
Composition is expressed as% except for metabolizable energy (ME) which is 
expressed as kcal/kg of diet.  
2
Each kg of premix provided vitamin AD3, 12 MIU; vitamin A, 12 MIU; vitamin 
D3, 5 MIU; vitamin E, 50 g; vitamin K3, 3 g; vitamin B1, 3 g; vitamin B2, 9 g; 
vitamin B6, 5 g; vitamin B12, 25 mg; biotin, 0.2 g; pantothenic acid, 18 g; folic 
acid, 2 g; niacin, 50 g; copper, 20 g; cobalt, 0.25 g; iodine, 1 g; iron, 40 g; 
manganese, 110 g; molybdenum, 2 g; selenium, 0.3 g; zinc, 90 g; ethoxyquin, 
125 g; and rice hull, 300 g. 
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temperature was reduced to 37.4°C with 60% RH. The temperature was then progressively 
decreased to 36.9°C by 517 h after onset of incubation, while RH was increased to 65%. Chicks 
were only considered hatched and removed from the incubator if they had cleared the shell and 
their down was dry. The chicks were feather sexed, weighed, and identified with a numbered 
wing tag upon removal from the incubator. Overall hatchability was 91.04% of fertile eggs (1118 
chicks hatched).  
Housing and Management 
Birds were housed within a tunnel ventilated floor pen shed, and pens were randomly 
allocated to locations within the shed. Temperature was set to 32°C at placement, and was 
reduced incrementally to 21°C by 21 d after the conclusion of the hatch window at 517 h after 
onset of incubation. The lighting schedule was 23 h of light from placement to 5 d of age, and 16 
h of light from 6 to 40 d of age. Starter (fed 0 to 14 d), grower (fed 14 to 28 d), and finisher (fed 
28 to 40 d) corn-soy based diets (Table 1) were available ad libitum once access was provided as 
per the treatment layout. All birds were weighed at the hatch, and feed intake (FI) and bird 
weight was subsequently recorded at 4, 7, 14, 28, and 40 d.  Feed conversion ratio (FCR) was 
determined by dividing the amount of feed consumed in each period by the amount of weight 
gained, on a pen basis. Bird mortality was 2.2% for the duration of the study.  
Sample Collection 
Two male birds per pen per treatment were randomly selected, weighed and sacrificed at 
hatch, the conclusion of the hatch window at 517 h after onset of incubation (subsequently 
referred to as 0 d), and 1, 4, 7, 28, and 40 d (n = 10 birds/treatment/sample day). Breast muscle, 
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including the sternum, was weighed and breast muscle tissue was sampled for use in histological 
and RNA analysis.  
Histology and Morphometric Analysis 
After removal of the skin from the breast region, a sample of the upper right pectoralis 
major was obtained by carefully dissecting approximately a 0.6 cm wide by 0.6 cm deep section 
of the muscle, following the orientation of the myofibers for a length of about 4 cm. The muscle 
samples were secured to prevent fiber contraction, and stored in 10% (vol/vol) neutral buffered 
formalin (NBF; Fronine Laboratory Supplies, New South Wales, Australia) at room temperature 
for at least 24 h to allow for fixation of the tissue. After fixation the 7, 28, and 40 d samples were 
shipped to the Veterinary Pathology Diagnostics Services Centre at the University of Sydney 
(Camperdown campus, New South Wales, Australia) for processing. The samples were 
dehydrated through a series of graded alcohols at 40°C (0.5 h in 10% formalin, 2 h in 70% 
ethanol, 2 h in 95% ethanol, 2 h in 100% ethanol, with one change of each ethanol at 1 h), 
cleared in xylene for 3 h at 40°C with a change at 1 and 2 h, and infiltrated with Paraplast 
paraffin wax (Leica Microsystems, New South Wales, Australia) at 65°C for 4 h with a change at 
1.5 and 3 h. The tissue blocks were soaked overnight in a water bath at 45°C prior to sectioning 
at 5 µm, and mounting on plain microscope slides (Leica Microsystems) before drying at 56°C. 
The slides were stained using Gills II hematoxylin (Fronine Laboratory Supplies) for 3 min, 
rinsed in Scott’s Blue Solution (Fronine Laboratory Supplies) for 2 min, and counterstained in 
1% Alcoholic Eosin Y (Fronine Laboratory Supplies) for 1 min.    
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One stained muscle section per bird was analyzed for muscle morphology using an 
Olympus BX 51 microscope (Olympus Australia, Victoria, Australia), and CellSens Entry 
software (Olympus Australia). Photomicrographs were taken of 4 fields of view of each section 
at 100x magnification for measurement of myofiber width and perimysial spacing at 7, 28, and 
40 d. Within each of the 4 fields, 10 myofibers and the perimysial spacing width between 10 
separate pairs of adjacent fiber bundles were measured, for a total of 40 measurements of each 
factor per bird, or 400 measurements per treatment/sample day. The imaged sections were also 
independently scored by 5 trained observers for muscle morphology, as described in Velleman et 
al. (2003). Scores ranged from 1 to 5, and examples of these scores are presented in Figure 1. A 
score of 1 indicated a section with little extracellular matrix and indistinct myofibers (Figure 
1A), while a score of 5 indicated a section with large extracellular spaces and distinct myofibers 
(Figure 1C). A score of 3 represents an intermediate between these two extremes (Figure 1B).  
Total RNA Extraction and cDNA Synthesis 
For RNA extraction, a sample of muscle tissue was taken from the left pectoralis major, 
placed in RNAlater (Life Technologies, Carlsbad, CA) and kept at room temperature for 24 h, 
before being stored at -20°C. Total RNA was extracted from the pectoralis major samples using 
Figure 1. Representative images illustrating pectoralis major morphological structure at 40 d of age. A) is a 
section given a morphology score of 1 (little extracellular matrix and indistinct myofibers), compared to B) with 
an intermediate score of 3, and C) with a score of 5 (large extracellular space and distinct myofibers). The arrow in 
C highlights an individual myofiber surrounded by endomysial connective tissue spacing, and the * indicates 
perimysial connective tissue spacing. Scale bar = 200 μm. 
Chapter 7                     Hatch time, access to feed, and broiler muscle growth 
 
 
 
 
211 
 
RNAzol (Molecular Research Center, Cincinnati, OH) according to the manufacturer’s protocol. 
The cDNA was synthesized using Superscript III Reverse Transcriptase (S3-RT; Invitrogen, 
Waltham, MA). Two reactions were prepared for each treatment/day, each consisting of five 
samples from separate pens. Each reaction consisted of 0.5µg of the five samples for a total of 
2.5µg total RNA, 1µL of Oligo dT (Promega, Madison, WI), and nuclease-free water up to 
13.5µL. The reaction was incubated at 80°C for 5 min, and then cooled on ice for a further 5 
min. This was combined with a mixture containing 4µL 5x First Strand Buffer (Invitrogen), 1µL 
10mM deoxynucleoside triphosphate mix (Promega), 1µL of RNasin (40 U/µL; Promega), and 
0.5µL of S3-RT. The total 20 µL reaction was incubated at 50°C for 60 min, and then heated at 
75°C for 15 min to stop the reaction. After cDNA synthesis, 10µL of nuclease-free water was 
added to the cDNA. 
RNA Quantification 
Real time quantitative PCR (qPCR) was performed to measure the expression of 
MYOD1, myogenin, syndecan-4, glypican-1, decorin, and glyceralderaldehyde-3-phosphate 
1
Primer sequences were designed from the following GenBank accession numbers: myogenic determination factor 1 
(MYOD1), NM 204214; myogenin, NM 204184; syndecan-4, NM 001007869; glypican-1, XM 422590; decorin, NM 
001030747; and glyceralderaldehyde-3-phosphate dehydrogenase (GAPDH), U94327. 
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dehydrogenase (GAPDH) using the RealMasterMix Fast SYBR Kit (5PRIME, Hilden, 
Germany), in a Rotorgene RG-3000 (Corbett Research, New South Wales, Australia). Each PCR 
reaction consisted of 1 µL of cDNA, 5µL of RealMasterMix Fast SYBR, 1 µL of 2.5 µM primer 
mixture (forward and reverse) of the target genes (Table 2), and nuclease-free water up to 10 µL. 
The specificity of each of these gene-specific primers was confirmed by DNA sequencing 
of the amplified sequence product (Molecular Cellular Imaging Center, The Ohio State 
University/Ohio Agricultural Research and Development Center, Ohio, USA). The real time 
qPCR was performed with the following conditions: denaturation (94°C for 5 min), amplification 
and quantification (40 cycles of 95°C for 7 s, and 60°C for 15 s), and final extension (72°C for 5 
min). The melting curve program was 52°C to 95°C, 0.2°C/read, and a 1-s hold. The relative 
level of gene expression was calculated using the standard curve for each target gene as 
described previously by Liu et al. (2006). Standard curves were constructed using serial dilutions 
of the purified PCR products of each gene in Table 2. The mole amount of sample cDNA for 
each gene from each treatment was interpolated from the corresponding standard curve. All of 
the sample concentrations fell within the values of the standard curves. The mole amount of 
sample cDNA for each gene was then normalized across treatments and time points by dividing 
the concentration of each respective sample cDNA by its corresponding GAPDH mole 
concentration. The resulting value was reported as an arbitrary unit as described in Liu et al. 
(2006). Randomly selected samples from all real-time qPCR reactions were resolved by agarose 
gel electrophoresis to ensure the specificity of the gene amplification. A negative control with no 
template was included in each PCR reaction to detect possible contamination of the reaction mix. 
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This assay was repeated 3 times for each gene and consisted of 2 replicates of each sample per 
repeat assay. 
Statistical Analysis 
Data were analyzed with the GenStat 16
th
 Edition software package (VSN International, 
Hemel Hempstead, UK), using the linear mixed model (REML). The fixed model for the 
analysis of body weight, relative breast and yolk weights, myofiber width, perimysial spacing, 
gene expression, feed intake, and FCR was:  
Access to feed (0/24) + Hatch time (EH/MH/LH) + Access to feed × Hatch time 
Analysis of body weight, relative breast and yolk weights, myofiber width, and 
perimysial spacing were conducted on an individual bird level and therefore included pen in the 
random model. Analysis of myofiber width and perimysial spacing included bird nested within 
pen in the random model, due to multiple measurements being taken per bird sampled. For gene 
expression no random effect was included in the model due to pooling of samples. Additionally, 
analysis of feed intake and FCR had no random effect in the model, due to being measured on a 
pen level. Average male and female chick hatch time was analyzed with sex in the fixed model 
and no random model. Before analysis, all results were checked for normality. Normally 
distributed data were analyzed from raw figures. If conditions for normality were not met, data 
were log-transformed before analysis. Where there was no interaction (P > 0.05), treatment 
interaction was omitted and fixed effects were analyzed independently on any individual 
parameter/time point measured. 
Scoring of breast muscle for morphology was analyzed by ordinal logistic regression 
using the ordinal library in R version 3.0.1 (R Core Team, 2015). Fixed effects were access to 
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feed and hatching time, and their interaction, as above, with observer, nested within bird, nested 
within pen included in the random model. 
RESULTS 
Apart from the time of hatch, all data were measured based on chronological age i.e. 
chronological 0 d commenced at 517 h after onset of incubation which corresponded with the 
conclusion of the hatching window. Only male birds were sacrificed and sampled throughout the 
trial, therefore all references to breast weight, yolk weight, histological measurements, and gene 
expression refer to male birds. 
Hatch Time and Spread of Hatch 
Hatch time and hatch window calculations do not include birds excluded from between 
hatch groups, and those hatched after conclusion of the hatch window at 517 h. For the total 
group of chicks hatched, female chicks on average hatched earlier than male chicks (P < 0.001; 
Table 3). The range of individual hatch times and the average hatch time of the EH, MH, and LH 
chicks for both males and females is reported in Table 3. 
Production Trait Analysis 
Body weight was recorded for all male and female birds at hatch, and then 4, 7, 14, 28 
and 40 d. The body weight of male birds from which samples were collected was also recorded 
1
Early, Midterm, and Late refer to the hatch time of the birds based on their time of hatch and removal from the incubator. 
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on 0 and 1 d. At hatch, body weight was similar regardless of hatch time for both male and 
female birds (P > 0.1; Table 4 and 5). At 0 d, delayed access to feed significantly reduced mean 
body weight in the male birds (P = 0.002; Table 4). At 1 d, an interaction between hatch time and 
access to feed was observed with MH male birds with immediate access to feed having the 
highest mean body weight, while EH male birds with delayed access to feed had the lowest mean 
body weight. An interaction of access to feed and hatch time was also observed on body weight 
gain from 4 through 14 d in the male birds, and 4 through to 7 d in the female birds. On these 
days immediate access to feed increased body weight with EH birds recording the highest mean 
body weight in both male and female birds (P < 0.05; Table 4 and 5). Immediate access to feed 
continued to increase body weight to 28 d in male birds (P = 0.005; Table 4), and until the end of 
the trial at 40 d in female birds (P = 0.04; Table 5).  
At hatch, relative breast weight was higher in MH birds compared to EH birds (P = 
0.025; Table 6). No difference was subsequently observed at 0, or 1 d. However, relative breast 
weight was increased in EH compared to LH birds at 4 d, and in EH and MH compared to LH 
birds at 7 d and 28 d (P < 0.05; Table 6). Relative breast weight was also increased at 4, 7, and 
28 d in birds that had immediate access to feed at hatch (P < 0.05; Table 6). 
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*Indicates only sampled birds were measured at this time. 
a–d
Values followed by different superscripts within a column and treatment are significantly different (P < 0.05). 
1
Early, Midterm, and Late refer to the hatch time of the birds based on their time of hatch and removal from the incubator. 
2
0 refers to birds provided immediate access to feed upon removal from the incubator, while 24 refers to birds provided access to feed 
24 h after the end of the hatch window. 
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The effect of hatch time, access to feed, and their interaction on chick relative yolk weight is    
a–c
Values followed by different superscripts within a column and treatment are significantly different (P < 0.05). 
1
Early, Midterm, and Late refer to the hatch time of the birds based on their time of hatch and removal from the incubator. 
2
0 refers to birds provided immediate access to feed upon removal from the incubator, while 24 refers to birds provided 
access to feed 24 h after the end of the hatch window. 
a–c
Values followed by different superscripts within a column and treatment are significantly different (P < 0.05). 
1
Early, Midterm, and Late refer to the hatch time of the birds based on their time of hatch and removal from the incubator. 
2
0 refers to birds provided immediate access to feed upon removal from the incubator, while 24 refers to birds provided 
access to feed 24 h after the end of the hatch window. 
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The effect of hatch time, access to feed, and their interaction on chick relative yolk 
weight is reported in Table 7, while their effect on FI and FCR of both male and female birds is 
reported in Table 8. 
 
 
 
 
 
a–b
Values followed by different superscripts within a column and treatment are significantly different 
(P < 0.05). 
1
Early, Midterm, and Late refer to the hatch time of the birds based on their time of hatch and removal 
from the incubator. 
2
0 refers to birds provided immediate access to feed upon removal from the incubator, while 24 refers 
to birds provided access to feed 24 h after the end of the hatch window. 
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Histological Analysis 
Perimysial spacing and myofiber width was measured at 7, 28, and 40 d. At 7 d, 
increased perimysial spacing was observed in EH birds with immediate access to feed compared 
to all other birds (P = 0.007; Table 9). At 28 d however, there was no treatment effect on 
perimysial spacing in the breast muscle (P ≥ 0.2; Table 9). At 40 d, MH birds with immediate 
access to feed had increased spacing compared to all except the EH birds with delayed access to 
feed, while EH birds with delayed access to feed had increased spacing compared to the LH 
birds with delayed access to feed (P = 0.025; Table 9). There was an interaction between hatch 
time and access to feed on myofiber width at d 7.  For each hatch time, immediate access to feed 
increased myofiber width when compared to delayed access to feed, with the largest average 
a–c
Values followed by different superscripts within a column and treatment are significantly different (P < 0.05). 
1
Early, Midterm, and Late refer to the hatch time of the birds based on their time of hatch and removal from the incubator. 
2
0 refers to birds provided immediate access to feed upon removal from the incubator, while 24 refers to birds provided access to 
feed 24 h after the end of the hatch window. 
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myofiber width in EH birds provided immediate access to feed.  (P = 0.02; Table 9). Conversely, 
the LH birds with delayed access to feed had the smallest myofiber width at 7 d (P = 0.02; Table 
9). Average myofiber width was reduced by delayed access to feed in all birds at 28 and 40 d, 
compared to birds provided immediate feed access (P < 0.05; Table 9).  
Similar to myofiber width, overall muscle morphology scores at 7 d were higher for EH 
birds with immediate access to feed compared to all but the LH birds with immediate access to 
feed (P < 0.05; Figure 2A). Also at 7d, the LH birds with immediate access to feed had higher 
morphology scores than the EH and LH birds with delayed access to feed (P < 0.05; Figure 2A). 
The MH birds with immediate access to feed scored higher than the EH birds with delayed 
access to feed (P = 0.017; Figure 2A). At 28 d, there was no effect of either treatment on the 
a–d
Values followed by different superscripts within a column and treatment are significantly different (P < 0.05). 
1
Early, Midterm, and Late refer to the hatch time of the birds based on their time of hatch and removal from the incubator. 
2
0 refers to birds provided immediate access to feed upon removal from the incubator, while 24 refers to birds provided access to 
feed 24 h after the end of the hatch window. 
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morphology scores (P ≥ 0.18; Figure 2B, and C). 
At 40 d, a significant interaction between hatch 
time and access to feed  resulted in higher 
morphology scores for the EH birds with 
immediate access to feed compared to all other 
treatments, and for the MH birds with immediate 
access to feed compared to the EH and MH birds 
with delayed access to feed (P < 0.05; Figure 2D). 
Morphology score did not vary amongst LH birds 
due to access to feed at 40 d (P = 0.6; Figure 2D). 
Gene Expression 
Myogenic Regulatory Factors. Expression 
of MRF were affected by both access to feed, and 
chick hatch time. At 1 d, MYOD1 was upregulated 
in birds with delayed access to feed (P < 0.001), 
and was also affected by hatch time with 
increased expression in MH and LH birds, 
compared to EH birds (P = 0.045; Figure 3A). A 
hatch time effect was evident at 4 d with 
upregulation of MYOD1 in the LH compared to 
EH birds, but not MH birds, irrespective of access to feed. At 7 d, a significant interaction 
between hatch time and access to feed increased MYOD1 expression in the EH birds with 
Figure 2. Ordinal scoring analysis of breast muscle 
sections of early hatched (EH), midterm hatched (MH), 
and late hatched (LH) male birds, provided access to 
feed immediately upon hatching (0), or 24 h after the 
end of the hatch window (24). Analysis for breast 
muscle morphology was conducted at A) 7, B) and C) 
28, and D) 40 d. Muscle morphology scores ranged from 
1 (little extracellular matrix and indistinct myofibers) to 
5 (large extracellular space and distinct myofibers). Bars 
without a common letter (a–d) were significantly 
different (P < 0.05). 
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immediate access to feed compared to 
all but the LH birds with immediate 
access to feed (P < 0.05; Figure 3A).  
At 0 d myogenin expression was 
increased in birds with immediate access 
to feed compared to birds with delayed 
access to feed (P = 0.035; Figure 3B). 
At 1 d, myogenin was upregulated in the 
MH birds with immediate access to feed 
compared to all other groups except the 
EH birds with immediate access to feed 
and LH birds with delayed access to 
feed (P = 0.003; Figure 3B). Also at 1 d, 
expression of myogenin in EH birds 
with immediate access to feed was 
higher than EH birds with delayed 
access to feed, while expression in LH 
birds with delayed access to feed was 
higher than LH birds with immediate 
access to feed (P = 0.003; Figure 3B). 
Finally, myogenin was increased in MH 
compared to EH birds with delayed access to feed at 1 d (P = 0.003; Figure 3B). At 4 d, a 
Figure 3. Expression of A) myogenic determination factor 1 (MYOD1), 
and B) myogenin in the breast muscle of early (EH), midterm (MH), 
and late (LH) hatched male birds, provided access to feed immediately 
upon hatching (0), or 24 h after the end of the hatch window (24). 
Expression was measured at 0, 1, 4, and 7 d of age. All significant 
differences are considered within each day separately. Individual 
interaction mean bars without a common letter (a–d) are significantly 
different (P < 0.05), identifying an interaction between hatch time and 
access to feed. For the main effect of hatch time, bars without a 
common letter (A–B) are significantly different (P < 0.05). Significant 
difference between the main effect of delayed and immediate access to 
feed are denoted with a *, and are irrespective of hatch time (P < 0.05). 
The error bars represent the SEM. 
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significant increase in myogenin expression 
was observed in all LH birds and MH birds 
with delayed access to feed, compared to the 
EH birds, irrespective of their access to feed, 
and MH birds with immediate access to feed 
(P = 0.049; Figure 3B).  
Proteoglycans. Similar to the MRF, 
syndecan-4 and decorin were affected by 
both access to feed and chick hatch time, 
however glypican-1 was unaffected by 
treatment at all sampling times measured (P 
≥ 0.19; Figure 4B). Syndecan-4 expression at 
1 and 7 d was increased in birds that had 
delayed compared to immediate access to 
feed (P ≤ 0.045; Figure 4A). At 4 d, an 
interaction of hatch time and access to feed  
increased sydnecan-4 expression in MH birds 
with delayed access to feed, and all LH birds, 
compared to all EH birds and MH birds that 
Figure 4. Expression of A) syndecan-4, B) glypican-1, and C) decorin in the breast muscle of early (EH), midterm (MH), and 
late (LH) hatched male birds, provided access to feed immediately upon hatching (0), or 24 h after the end of the hatch 
window (24). Expression was measured at 0, 1, 4, and 7 d of age. All significant differences are considered within each day 
separately. Individual interaction mean bars without a common letter (a–c) are significantly different (P < 0.05), identifying 
an interaction between hatch time and access to feed. For the main effect of hatch time, bars without a common letter (A–C) 
are significantly different (P < 0.05). Significant difference between the main effect of delayed and immediate access to feed 
are denoted with a *, and are irrespective of hatch time (P < 0.05). The error bars represent the SEM. 
Chapter 7                     Hatch time, access to feed, and broiler muscle growth 
 
 
 
 
224 
 
had immediate access to feed (P = 0.014; Figure 4A).  
Decorin expression was greater in MH birds with immediate access to feed compared to 
all other birds at 0 d (P = 0.018; Figure 4C). Subsequently at 1 d, decorin expression was 
increased in EH birds with delayed access to feed compared to all other treatments, and LH birds 
with delayed access to feed compared to EH and LH birds with immediate access to feed (P = 
0.013; Figure 4C). At 4 d, decorin expression was higher in LH compared to EH birds 
irrespective of access to feed (P = 0.024; Figure 4C). At 7 d, decorin expression was affected by 
both hatch time and access to feed. Late hatch birds demonstrated the highest levels of 
expression, followed by MH birds, with EH birds having the lowest expression (P = 0.002; 
Figure 4C). Decorin expression was also higher at 7 d in all birds with delayed compared to 
immediate access to feed (P < 0.001; Figure 4C). 
DISCUSSION 
It has been reported that immediate access to feed post-hatch accelerates neonatal chick 
development, and specifically muscle growth (Noy and Sklan, 1999; Halevy et al., 2000; Bigot et 
al., 2003; Kornasio et al., 2011). In contrast, the influence of hatch time on muscle development 
has received only limited attention (Lamot et al., 2014; Wang et al., 2014), with previous studies 
focusing on other aspects of bird development in relation to hatch time. Lamot et al. (2014) 
reported differences in relative breast weight based on bird hatch time at 18 d, regardless of 
when access to feed was provided. However, no reports to date have investigated the influence of 
hatch time on muscle development and its potential effect on breast meat yield at processing age. 
This study, therefore, sought to elucidate the significance of hatch time on muscle development 
through to processing age, and to determine how this is affected by the timing of access to feed. 
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In the current study hatchling body weight was uniform. Immediate access to feed 
reduced chick weight loss at 0 d, and subsequently increased body weight gain until 28 d in 
male, and 40 d in female birds. This increase was most significant in EH chicks as observed from 
1 to 7 d, or 14 d in female and male birds, respectively, consistent with recent reports (van de 
Ven et al., 2011; Lamot et al., 2014). This difference was likely due to EH birds gaining access 
to feed an average of 9.8 h earlier than MH birds, and 16.6 h earlier than LH birds. This was 
supported by the observation that hatch time did not affect subsequent body weight when access 
to feed was delayed, as has been previously reported (Sklan et al., 2000; van de Ven et al., 2013; 
Lamot et al., 2014; Wang et al., 2014).  
Earlier hatching birds and those with immediate access to feed were also observed to 
have increased relative breast muscle weight from 4 to 28 d. Breast muscle mass accretion post-
hatch occurs through the process of myofiber hypertrophy. This was demonstrated in EH birds 
with immediate access to feed, which had the heaviest relative breast weight at 7 d, and the 
largest average myofiber width, compared to LH birds with delayed access to feed which had the 
lowest relative breast weight at 7 d, and also the smallest average myofiber width. Subsequently, 
birds with immediate access to feed had larger myofibers than birds with delayed access to feed 
through to 40 d. Stimulation of SC activity facilitates myofiber hypertrophy via myonuclear 
accretion, significantly affecting muscle growth through increased potential for protein synthesis 
(Halevy et al., 2000, 2003; Mozdziak et al., 2002; Moore et al., 2005; Kornasio et al., 2011). 
Therefore, it was likely that, in EH birds and birds provided with immediate access to feed, a SC 
enabled increase in myofiber hypertrophy and muscle protein synthesis resulted in an increase in 
relative breast muscle weight.   
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Myogenin is a key marker of SC activity in skeletal muscle, as it is expressed during and 
required for terminal myogenic differentiation (Weintraub, 1993; Yablonka-Reuveni and 
Paterson, 2001). In the current study, myogenin expression was increased following immediate 
access to feed in all birds at 0 d, and EH and MH birds at 1 d. Previous reports have identified a 
peak in myogenin expression between 1 to 4 d post-hatch when feed was readily available, 
however when access to feed was restricted its expression was delayed and diminished (Halevy 
et al., 2003; Velleman et al., 2010, 2014). In this study, the observation of peak myogenin 
expression appeared to have been missed in EH birds, and MH birds with immediate access to 
feed. In these birds, peak myogenin expression and a subsequent return to a baseline level likely 
occurred between sampling on 1 and 4 d, as has been previously reported (Halevy et al., 2003; 
Velleman et al., 2010, 2014; Zhang et al., 2014). Specifically, Halevy et al. (2004) showed a 30-
fold increase in myogenin protein expression in chick breast muscle tissue between 1 and 3 d 
post-hatch. By 6 d post-hatch this expression had declined to a baseline level similar to that 
observed at 1 d, highlighting the significant temporal regulation of myogenin during this period. 
In the current study, a significant upregulation of myogenin, which may have coincided with the 
highest levels of myogenin expression, were observed at 4 d in MH birds with delayed access to 
feed, and all LH birds. This suggests that there may have been a delay in the differentiation of a 
substantial portion of SC in these treatment groups, assuming that myogenin expression peaked 
between 1 to 3 d post-hatch in EH birds and MH birds with immediate access to feed. When 
considered with the subsequent reduction in relative breast muscle growth, the differences in 
myogenin expression are suggestive of decreased SC differentiation mediated by both delayed 
access to feed, and also a later hatch time. However, further examination of the influence of 
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hatch time on myogenin expression during the early post-hatch period is required to clarify this 
hypothesis. 
The small leucine rich proteoglycan decorin is also an important regulator of SC activity, 
stimulating their proliferation and differentiation through the sequestration of TGF-β and 
myostatin (Droguett et al., 2006; Miura et al., 2006; Kishioka et al., 2008). Additionally, decorin 
is a direct regulator of cell activity through its binding to the IGF-IR (Schönherr et al., 2005), and 
the EGFR (Iozzo, et al., 1999). The interaction of decorin with IGF-IR has been demonstrated in 
myoblasts to lead to serine/tyrosine kinase (Akt) phosphorylation and p21 induction, resulting in 
cell-cycle withdrawal, upregulation of myogenin, and enhanced myoblast differentiation (Suzuki 
et al., 2013). Conversely, decorin can facilitate the downregulation of EGFR, through its 
internalization into the cell, and degradation (Csordás et al., 2000; Zhu et al., 2005). The EGFR 
is a negative regulator of myogenic differentiation (Leroy et al., 2013), therefore its degradation 
by decorin would facilitate myoblast differentiation. The increased expression of decorin at 4 and 
7 d in later hatched birds and specifically those with delayed access to feed, was similar to that of 
myogenin at 4 d. This suggests that decorin influenced the delayed and decreased SC 
differentiation hypothesized to have occurred in these birds, through its binding to the EGFR and 
IGF-IR, and sequestration of TGF-β and myostatin.   
Concurrent to the potentially impaired SC differentiation in later hatching birds, and 
those with delayed access to feed, upregulation of the MRF MYOD1, and the proteoglycan 
syndecan-4 was variably observed at 1 and 4 d, and 1, 4, and 7 d, respectively. Increased 
expression of MYOD1 has been reported in activated and proliferating SC (Zammit et al., 2006; 
Yablonka-Reuveni et al., 2008). Conversely, syndecan-4 expression has been observed 
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exclusively in proliferating SC (Cornelison et al., 2001), and can influence MYOD1 and 
myogenin expression, as well as the mitotic activity of SC (Cornelison et al., 2004; Shin et al., 
2012a). Oligomers of syndecan-4 localized on the cell membrane facilitate focal adhesion 
formation and migration of activated and proliferating SC, through the translocation and 
activation of PKCα, and downstream activation of RhoA (Shin, et al., 2012b, 2013; Song, et al., 
2012). This regulation is important as the migration of muscle cells has been observed to 
facilitate their differentiation and fusion (Mylona et al., 2006; Bae et al., 2008). Taken together, 
the upregulation of MYOD1 and syndecan-4 as a result of delayed access to feed suggested that 
increased activation and proliferation of SC was occurring in the breast muscle of these birds. 
Increased SC proliferation due to post-hatch feed restriction has been previously hypothesized, 
based on a similar increase in MYOD1 and syndecan-4 expression observed in chick breast 
muscle tissue (Velleman et al., 2010, 2014). In this study the expression of MYOD1 and 
syndecan-4 also suggests there was heightened SC activation and proliferation in later hatching 
birds. However, muscle growth was reduced despite the apparent stimulation of SC proliferation, 
which supports the hypothesis that subsequent SC differentiation was decreased in these birds. 
Glypican-1 expression was unaffected by delayed access to feed and chick hatch time in 
the current study. Previously, altered glypican-1 expression has been reported in chick breast 
muscle during the first wk post-hatch, as a result of both partial feed restriction (Velleman et al., 
2010), and a 3 d post-hatch feed deprivation (Velleman and Mozdziak, 2005). Compared to these 
studies, the short duration of feed restriction in the current study may have resulted in no 
detectable alteration in glypican-1 expression. Alternatively, glypican-1 activity could have been 
altered by post-translational modification. Both the membrane-associated form which sequesters 
Chapter 7                     Hatch time, access to feed, and broiler muscle growth 
 
 
 
 
229 
 
FGF2 into the lipid raft domains, and shed form which sequesters FGF2 in the ECM, prevent 
FGF2 from activating its tyrosine kinase receptor which results in the inhibition of myogenic 
differentiation (Dollenmeier et al., 1981; Gutiérrez and Brandan, 2010; Velleman et al., 2013).  
However, Brandan et al. (1996) demonstrated an increase in glypican-1 shedding into the ECM 
space during differentiation. Velleman et al. (2013) reported increased differentiation of SC 
expressing the shed form of glypican-1 bound to FGF2, compared to membrane bound glypican-
1. Therefore, the shedding of glypican-1 may have been affected in the current experiment, 
impacting SC differentiation. However, this would not be detected at the RNA level. 
Potentially as a result of the altered regulatory gene expression discussed, increased 
relative breast muscle weight was recorded in EH compared to LH birds from 4 to 28 d, 
regardless of access to feed. This was similar to the observation of hatch time specific breast 
weight differences in 18 d old broilers reported by Lamot et al. (2014). Furthermore, 
measurement of the perimysial spacing surrounding individual fiber bundles, as well as scoring 
of overall morphology (which considers both perimysial spacing, and endomysial spacing 
surrounding individual fibers), showed that connective tissue spacing was maintained or 
increased at 7, 28, and 40 d in earlier hatching or immediately fed birds, or a combination 
thereof. Specifically, at 40 d, delayed access to feed compromised connective tissue spacing in 
EH and MH birds compared to those that had immediate access to feed. Additionally, the most 
limited perimysial spacing at 40 d was observed in LH birds with delayed access to feed, which 
was significantly reduced compared to EH birds with delayed access to feed. The changes in 
connective tissue spacing resulting from delayed access to feed are comparable to those observed 
as a result of partial feed restriction in the first wk post-hatch by Velleman et al. (2014), 
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suggesting nutritional restriction during this period reduces connective tissue spacing. When 
connective tissue spacing of individual myofibers and fiber bundles is reduced, muscle damage 
occurs, as observed in broiler strains selected for increased muscle growth (Wilson et al., 1990; 
Dransfield and Sosnicki, 1999; Velleman et al., 2003). As hypothesized by Velleman et al. 
(2003), decreased connective tissue spacing within a muscle reduces the extent of capillary 
supply available. The pectoralis major is an anaerobic glycolytic muscle containing fast-twitch 
type IIb fibers. It produces lactic acid as a byproduct of anaerobic respiration which must be 
removed from the muscle through the circulatory system (Bangsbo et al., 1991). Reduced 
capillary supply would impair the removal of lactic acid from the pectoralis major, decreasing 
muscle pH, which would result in muscle damage and reduce meat quality. The current results 
therefore suggest a reduced susceptibility of birds, and especially earlier hatched birds, to muscle 
damage and meat quality issues when immediate access to feed was provided post-hatch. These 
observations also suggest that independent of access to feed, there may be additional factors 
related to hatch time that affect muscle development. However, further investigation is required 
in this area. 
The effects of access to feed and hatch time on breast muscle development may be 
influenced by the thyroid hormone T3. Circulating T3 levels are reportedly higher at hatch in 
earlier compared to later hatching birds (Decuypere et al., 1990; Buys et al., 1998; van de Ven et 
al., 2011; DuRant et al., 2014; Wang et al., 2014), and are reduced by delayed access to feed in 
the immediate post-hatch period (Noy and Sklan, 2001; Careghi et al., 2005; Wang et al., 2014). 
Triiodothyronine has been demonstrated to stimulate myoblast cell-cycle exit, and to accelerate 
their terminal differentiation and fusion in vitro (Marchal et al., 1993; Cassar-Malek et al., 1999). 
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This occurs, at least in part, due to T3 stimulating myogenin expression in myoblasts, through 
both its nuclear and mitochondrial receptors (Downes et al., 1993; Muscat et al., 1994; Rochard 
et al., 2000; Seyer et al., 2006). Reduced T3 levels may therefore contribute to impaired SC 
differentiation in later hatching and delayed fed chicks, as suggested by the potentially delayed 
upregulation of myogenin, and concomitant increase in decorin expression in these birds. This 
could also contribute to the reduced relative breast muscle growth observed in LH birds, which 
appeared to be independent of access to feed and body weight. The upregulation of MYOD1 and 
syndecan-4 in these same birds also fits into this model of T3 regulation as demonstrated in SC 
unable to convert T4 to T3 via a type 2 deiodinase gene deletion, and in SC obtained from 
hypothyroid muscle. These same SC remained responsive to proliferative stimuli and underwent 
increased proliferation, despite reduced differentiation, myotube formation, and myogenin 
expression (McIntosh and Anderson, 1995; Jacobs et al., 1996; Dentice et al., 2010). The 
significance of the relationship between thyroid hormone regulation, SC activity, and breast 
muscle accretion in broilers requires further investigation. 
The results from the present study reaffirm the negative impact of a short-term delay in 
hatchling access to feed on SC activity and breast muscle development. Immediate access to feed 
post-hatch improved connective tissue spacing, particularly for earlier hatching birds, suggesting 
it may also reduce the potential for muscle damage and breast meat quality issues. These data 
also showed that earlier hatching birds have accelerated muscle development and altered 
myogenic regulatory gene expression, regardless of their access to feed. This did not influence 
breast meat yield at market age, however as slaughter age continues to decrease, hatch time and 
its influence on muscle accretion is likely to increase in importance. Additionally, identifying the 
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physiological cause of the altered muscle development in earlier hatching birds may allow this 
variation to be exploited to improve muscle growth. 
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OVERVIEW OF CHAPTER 8 
As highlighted in the literature review (Chapter 2), and supported in vitro (Chapter 4), satellite 
cells retain the ability to undergo adipogenic instead of myogenic differentiation, and may to 
follow this alternate path when their dietary nutrient supply is impaired. Further the minimal 
intramuscular adipose tissue content of breast muscle tissue is an important component of its 
consumer popularity (Chapter 2). Dietary methionine availability in the pre-starter period did not 
affect adipogenic regulatory gene expression or intramuscular adipose tissue deposition (Chapter 
6), however there was also no indication that these treatments affected myogenic satellite cell 
activity or breast muscle development. To further explore this relationship in vivo, the 
experimental work in Chapter 8 investigated the adipogenic regulation of satellite cell activity 
and intramuscular adipose tissue deposition in breast muscle tissue by chick hatch time and 
timing access to feed. This experiment was carried out utilising the breast muscle samples of 
male birds collected during the trial presented in Chapter 7. 
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ABSTRACT 
The effect of hatch time and subsequent access to feed on intramuscular adipose tissue 
deposition was studied in the pectoralis major muscle of male Ross 308 broiler chickens. Based 
on their hatch time chicks were classified as early (EH), midterm (MH), or late (LH) hatchers, 
with an average incubation duration of 497.7 h for EH, 508.8 h for MH, and 514.5 h for LH 
birds. Chicks were provided access to feed either immediately at hatch, or 24 h after the 
conclusion of the hatch window. Expression of the adipogenic regulatory genes peroxisome 
proliferator-activated receptor gamma (PPARγ), and stearoyl-CoA desaturase (SCD), were 
measured at the time of hatch, and 0, 1, 4, 7, 28, and 40 d. Intramuscular adipocyte cell width 
and visualization of adipose tissue deposition was observed at 28, and 40 d. Expression of 
PPARγ was increased in the pectoralis major of LH birds at the time of hatch, 0, and 1 d. The 
expression of PPARγ at 1 and 7 d, and SCD at 7 d were increased in all birds which received 
delayed access to feed. At 28 d, adipocyte cell width was increased in LH birds with delayed 
access to feed, compared to EH and MH birds with delayed access to feed and LH birds with 
immediate access to feed. At 40 d, adipocyte cell width was increased in all birds which received 
delayed access to feed. Also at 40 d, there was a trend (P = 0.078) for more extensive 
intramuscular adipose tissue deposition in LH than EH birds, and in birds with delayed access to 
feed (P = 0.075). These data indicate delayed access to feed increases intramuscular adipose 
tissue deposition in the pectoralis major muscle, and suggest that hatch time influences this 
regulation.        
Keywords: hatch time, adipogenesis, transdifferentiation, lipid, intramuscular fat. 
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INTRODUCTION 
The number of myofibers present in broiler muscle is defined at hatch (Smith, 1963), and 
post-hatch muscle growth is dependent on hypertrophy of these existing fibers (Moss, 1968; 
Mozdziak et al., 1997). This process is mediated by the adult myoblast stem cell population, 
termed satellite cells (SC). Differentiating SC fuse with and donate their nuclei to muscle fibers 
(Stockdale and Holtzer, 1961; Moss and Leblond, 1971), increasing their capacity for protein 
synthesis.  
Satellite cells are maximally active in the first wk post-hatch. They are susceptible to feed 
restriction during this period which can result in reduced myonuclear accretion and muscle 
growth (Halevy et al., 2000, 2003; Moore et al., 2005). This has implications in commercial 
broiler production where chicks hatch during a 24 to 48 h period of time. In this situation the 
earlier hatching chicks are held for an extended period within the incubator without feed and 
water, until a majority of chicks have cleared the shell. Birds may then remain without access to 
feed and water for a further 48 h, during processing at the hatchery and transport to grow-out 
farms. Regulation of SC activity can also vary between earlier vs. later hatching birds 
irrespective of access to feed, with delayed SC differentiation, and subsequently reduced early 
muscle growth in late hatching birds (Powell et al., submitted to Poultry Science, 2016).  
Satellite cells are multipotential mesenchymal stem cells that are able to differentiate into 
alternative cellular fates including the formation of adipocytes (Asakura et al., 2001; Shefer et 
al., 2004). Adipogenic transdifferentiation of SC can occur following in vitro nutrient restriction 
(Powell et al., 2014a). Further, increased and accelerated intramuscular adipose tissue deposition 
can occur in broiler breast muscle following post-hatch feed restriction (Velleman et al., 2010, 
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2014b). An increase in breast muscle adiposity, alongside other morphological changes, was 
observed when access to feed was restricted in the first wk post hatch, coinciding with the period 
of maximal SC activity (Velleman et al., 2014a, b).  In comparison, feed restriction during the 
second wk post hatch did not increase breast muscle adiposity. Feed restriction during the 
immediate post-hatch period also increased the expression of the adipogenic regulatory genes 
peroxisome proliferator-activated receptor gamma (PPARγ), and CCAAT/enhancer-binding 
protein alpha (C/EBPα) (Velleman et al., 2014b). Increased expression of PPARγ and C/EBPα 
can stimulate the adipogenic transdifferentiation of myoblasts, and the down-regulation of 
myogenic regulatory factors (MRF) (Hu et al., 1995; Yu et al., 2006). Another important 
adipogenic regulatory gene is stearoyl-CoA desaturase (SCD). Stearoyl-CoA desaturase 
catalyzes the synthesis of monounsaturated fatty acids (Kim and Ntambi, 1999), which are then 
utilized to deposit lipid into differentiating adipocytes (Ntambi and Young-Cheul, 2000). 
Significant upregulation of SCD has been reported during adipogenic differentiation (Kasturi and 
Joshi, 1982), and in SC cultured with a significant nutrient restriction (Powell et al., 2014a). A 
delay in access to feed in newly hatched chicks is commonly experienced in commercial 
production, and the impact of this on the adipogenic potential of SC in post-hatch chicks has not 
been explored. This is a significant consideration as the lean product quality associated with 
poultry meat is a crucial component of its positive consumer perception (Kennedy et al., 2004).  
Therefore, this study was designed to assess the impact of chick hatch time and the 
timing of their access to feed on intramuscular adipose tissue content in the pectoralis major 
muscle of Ross 308 broiler chicks. The effect of these treatments on intramuscular adipose tissue 
deposition was assessed through histological and morphometric analysis of the pectoralis major 
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muscle, including adipocyte cell width, and the expression of the adipogenic regulatory genes 
PPARγ and SCD. 
METHODS 
All experimental procedures were approved by the University of Sydney Animal Ethics 
Committee (protocol number 2014/619) and strictly complied with the Australian Code of 
Practice for the Care and Use of Animals for Scientific Purposes as prepared by the National 
Health and Medical Research Council, 2013. 
Experimental Design 
The effects of the time of hatch, within a 37 h hatch window, and the time of access to 
feed and water on intramuscular adipose tissue deposition were studied in male Ross 308 broiler 
chicks using a 3x2 factorial arrangement. Treatments were hatch period, consisting of early hatch 
(EH), midterm hatch (MH), and late hatch (LH) birds, and time of access to feed and water. 
Chicks were allocated to either immediate or delayed access to feed and water.  In this 
experiment chicks assigned to immediate access to feed and water were given access within 3 h 
of hatching. Chicks assigned to delayed access to feed and water were given access from 24 h 
after the end of the hatch window. In this study the hatch window ended at 517 h after the onset 
of incubation. The incubator was inspected every 3 h from 468 to 517 h from the start of 
incubation. All hatched female chicks, identified by feather sexing, were excluded from the 
study.  
The first 170 male chicks removed from the incubator were assigned to the EH group, 
and every second bird was assigned to receive immediate access to feed, the alternate bird 
receiving delayed access to feed. In total 85 EH birds were provided immediate access to feed 
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and water, and 85 received 24 h delayed access to feed and water. The next 12 chicks removed 
from the incubator were excluded from the study to separate the hatch time subpopulations. This 
procedure was then repeated for both the MH, and LH groups. Any chicks that hatched after 
finalization of the LH group were excluded from the study. Chicks from each hatch group and 
feed treatment combination (n = 85) were then evenly distributed over 5 floor pens (n = 30 floor 
pens in total). 
Incubation and Hatch 
Fertile Ross 308 eggs (n = 1307; average weight of 59.6 g) were obtained from a 
commercial hatchery (Baiada Poultry, Marsden Park, New South Wales, Australia). Eggs were 
incubated for 432 h at an eggshell temperature of 37.8°C and 56% relative humidity (RH) in an 
Aussieset incubator (Bellsouth Pty Limited, Victoria, Australia). Eggs that had cracked, dirty, or 
deformed shells were excluded from the study. At 336 h of incubation the eggs were candled, at 
which time 79 non-viable eggs (6.04% of total) were removed. At 432 h of incubation, the eggs 
were transferred into hatching trays and returned to the same incubator. The incubator 
temperature was reduced to 37.4°C and 60% RH. The temperature was then progressively 
decreased to 36.9°C by 517 h of incubation and RH was increased to 65%. Chickens were only 
considered hatched and removed from the incubator if they had cleared the egg and their down 
was dry. Overall hatchability was 91.04% of fertile eggs (1118 chicks hatched).  
Sample Collection 
On removal from the incubator all birds were weighed and identified with a numbered 
wing tag. Bird weight was also recorded at 4, 7, 14, 28, and 40 d. Two birds per pen per 
treatment were randomly selected, weighed, and sacrificed at the time of hatch, the conclusion of 
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the hatch window, which is subsequently referred to as 0 d, and 1, 4, 7, 28, and 40 d (n = 10 
birds/treatment/sample day). Breast muscle (including the sternum) was weighed and a sample of 
pectoralis major muscle tissue was collected for use in histological and RNA analysis.  The diet 
composition provided to birds, body weight, breast muscle weight, feed intake, and feed 
conversion ratio are reported in Powell et al. (submitted to Poultry Science, 2016).  
Histology and Morphometric Analysis 
Following removal of the skin from the breast region, a sample of the upper right 
pectoralis major was obtained by carefully dissecting approximately a 0.6 cm wide by 0.6 cm 
deep by 4 cm long section of the muscle, the length of which followed the orientation of the 
muscle fibers. The muscle samples were stored in 10% (vol/vol) neutral buffered formalin 
(Fronine Laboratory Supplies, New South Wales, Australia) at room temperature for at least 24 
hours to allow for fixation of the tissue. The samples were then shipped to the Veterinary 
Pathology Diagnostics Services Centre at the University of Sydney (Camperdown campus, New 
South Wales, Australia) for processing. The tissues were embed in paraffin, cross-section at 5 
µm and mounted on plain microscope slides (Leica Microsystems, New South Wales, Australia).  
The sections were stained with hematoxylin and eosin as described in Powell et al. (submitted to 
Poultry Science, 2016).  
One stained muscle section for each bird sampled at 7, 28, and 40 d was analyzed. 
Sections were observed using an Olympus BX 51 microscope (Olympus Australia, Victoria, 
Australia), and CellSens Entry software (Olympus Australia). Photomicrographs were taken of 4 
fields of view from each section at a 100x magnification. The diameter of 10 adipocytes per field 
was measured (n = 400 total per treatment/sample day). The imaged sections were also scored 
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for the extent of adipose tissue deposition by 5 trained observers according to the method of 
Velleman et al. (2014b). Scores ranged from 1 to 5, with representative images shown in Figure 
1. In assessing adipose tissue deposition a score of 1 indicated extensive adipose tissue 
deposition (Figure 1A), while a score of 5 indicated that there was no observable adipose tissue 
deposition (Figure 1C). A score of 3 represented an intermediate between these two extremes 
(Figure 1B). 
Total RNA Extraction and cDNA Synthesis 
Pectoralis major muscle tissue was collected and stored in RNAlater (Life Technologies, 
Carlsbad, CA). The total RNA was extracted using RNAzol (Molecular Research Center, 
Cincinnati, OH) according to the manufacturer’s protocol. The RNA of 5 birds from each 
treatment and sample day was pooled (n = 2 pooled RNA samples/treatment/sample day), and 
the cDNA was synthesized as described in Powell et al. (2014b).  
RNA Quantification 
Real time quantitative PCR was performed to measure the expression of each gene using 
the RealMasterMix Fast SYBR Kit (5PRIME, Hilden, Germany) in a Rotorgene RG-3000 
(Corbett Research, New South Wales, Australia). Each PCR reaction consisted of 1µL of cDNA, 
Figure 1. Representative images illustrating the morphological structure of the pectoralis major muscle at 40 d of age. A) is a 
section given an adipose deposition score of 1 (extensive adipose tissue deposition), compared to B) with an intermediate 
score of 3, and C) with a score of 5 (no observable adipose tissue deposition). The arrow in A highlights an individual 
adipocyte within an adipose tissue depot. Scale bar = 200 μm. 
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5µL of RealMasterMix Fast SYBR, 1 µL of 2.5 µM primer mixture (forward and reverse) of the 
target gene (PPARγ, SCD, or glyceraldehyde-3-phosphate dehydrogenase [GAPDH]), and 
nuclease-free water made up to 10 µL. The PPARγ, SCD, and GAPDH primer sequences 
employed in this study are published in Powell et al. (2014a). The realtime qPCR was performed 
with the following conditions: denaturation (94°C for 5 min), amplification and quantification 
(40 cycles of 95°C for 7 s, and 60°C for 15 s), and final extension (72°C for 5 min). The melting 
curve program was 52°C to 95°C, 0.2°C/read, and a 1-s hold. The relative level of gene 
expression was calculated using the standard curve for each target gene as described previously 
by Liu et al. (2006). Standard curves were constructed using serial dilutions of the purified PCR 
products of each gene. The mole amount of sample cDNA for each gene from each treatment 
was interpolated from the corresponding standard curve. All of the sample concentrations fell 
within the values of the standard curves. The mole amount of sample cDNA for each gene was 
then normalized across treatments and time points by dividing the concentration of the sample 
cDNA by its corresponding GAPDH mole concentration. The resulting value is reported as an 
arbitrary unit as described by Liu et al. (2006). Randomly selected samples from all real-time 
qPCR reactions were resolved by agarose gel electrophoresis to ensure gene amplification 
specificity. A negative control with no template was included in each PCR reaction to detect 
possible contamination of the reaction mix. This assay was repeated 2 times for each gene and 
consisted of 2 replicates of each sample per repeat assay. 
Statistical Analysis 
The linear mixed model (REML) in GenStat 16
th
 Edition (VSN International, Hemel 
Hempstead, UK) was used to analyze gene expression, and adipocyte width. Data were analyzed 
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independently for each sample day. The fixed effects were the two treatment factors (access to 
feed, hatching time) and their interaction. The random effect of bird nested within pen was 
included for the analysis of fat cell width. Normally distributed data were analyzed from raw 
figures. If conditions for normality were not met, data were log-transformed before analysis. 
Least Significant Differences were used post-hoc to determine which means differed 
significantly. Where there was no interaction effect (P > 0.05) on any individual parameter/time 
point, treatment interaction was omitted and the fixed effects were analyzed independently.  
Scores of intramuscular adipose tissue within the pectoralis major muscle were analyzed 
by ordinal logistic regression using the ordinal library in R version 3.0.1 (R Core Team, 2015). 
Fixed effects were access to feed and hatching time, and their interaction, with the random effect 
of observer, nested within bird, nested within pen. 
RESULTS AND DISCUSSION 
Hatch time and distribution of hatch 
The total average hatch time of chicks was 506.6 h after the onset of incubation. 
Individual chick hatch time occurred within 486 to 504 h after onset of incubation for EH birds 
(average 497.7 h), 504 to 511 h after onset of incubation for MH birds (average 508.8 h), and 
511 to 517 h after onset of incubation for LH birds (average 514.5 h). 
Expression of PPARγ and SCD 
The expression of the adipogenic regulatory genes PPARγ and SCD in the pectoralis 
major muscle were affected by both access to feed and hatch time, however no interaction effect 
was observed at any time point (Figure 2A and B). Peroxisome proliferator-activated receptor 
gamma is an important regulator of adipogenesis, which is expressed early in the process of 
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adipogenic differentiation (Rosen et al., 1999). High levels of expression of PPARγ have been 
reported in breast muscle tissue in the first week post-hatch, and this expression was increased by 
partial feed restriction (Velleman et al., 2014b).  In the current study, PPARγ expression was 
higher in LH compared to EH and MH birds at the time of hatch and 0 d, and in MH and LH 
compared to EH birds at 1 d. Additionally, PPARγ expression was increased at 1 and 7 d (P < 
0.05), but not 4 d (P > 0.1), following delayed access to feed (Figure 2A). The lack of effect at 4 
d may have been a result of the provision of feed at 1 d to these birds. However, further 
evaluation is required to better understand this relationship. There was no treatment effect on 
PPARγ at 28 or 40 d (P > 0.1; Figure 2A). Stearoyl-CoA desaturase regulates the synthesis of 
unsaturated fatty acids for phospholipid and triglyceride stores in adipocytes (Kim and Ntambi, 
1999). Increased SCD expression has been observed during adipogenic differentiation (Kasturi 
and Joshi, 1982; Kim et al., 2000), and has been correlated with adipose tissue deposition in mice 
(Lee et al., 2003). In the current study, SCD mRNA could not be detected in the pectoralis major 
at the time of hatch, 0, and 1 d. At 4 d, SCD expression was observed in all birds but there was 
no treatment effect (P > 0.1; Figure 2B). At 7 d, SCD expression was significantly increased in 
birds with delayed access to feed (P < 0.05; Figure 2B). At 28 d SCD was upregulated in MH 
compared to EH and LH birds (P < 0.05; Figure 2B), with no treatment effect at 40 d (P > 0.1; 
Figure 2B). 
This pattern of SCD expression in pectoralis major muscle was similar to that reported by 
Serr et al., (2011) in the subcutaneous adipose tissue of broilers. Serr et al., (2011) detected 
minimal SCD expression in the late term embryo and at 1 d post-hatch, followed by a significant 
increase in SCD expression at 5, and subsequently 11 d under normal growth conditions.  
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The effect of hatch time and access to feed on intramuscular adipose tissue deposition 
An increase in the accumulation of intramuscular adipose tissue can result from an 
increase in adipocyte cell size, and also an increase in adipocyte cell number. In the current 
Figure 2. Expression of A) peroxisome proliferator-activated receptor gamma (PPARγ), and B) stearoyl-
CoA desaturase (SCD) in the pectoralis major of early (EH), midterm (MH), and late (LH) hatched birds, 
provided access to feed immediately upon hatching (0), or 24 h after the end of the hatch window (24). 
Expression was measured at the time of hatch, and 0, 1, 4, 7, 28, and 40 d of age for PPARγ, and 4, 7, 28, 
and 40 d for SCD. All significant differences are considered within each d separately. Considering hatch 
time alone, bars without a common letter (A-B) are significantly different (P < 0.05). Significant 
difference between delayed and immediate access to feed are denoted with a *, and are irrespective of 
hatch time (P < 0.05). The error bars represent the SEM. 
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study, this was assessed by 
measurement of individual adipocyte 
cell width, and ordinal scoring of the 
extent of adipose tissue deposition. 
No intramuscular adipose tissue was 
visible at 7 d. At 
28 d, LH birds with delayed access to 
feed had the largest adipocytes, 
compared to EH and MH birds that 
had delayed access to feed, and LH 
birds that had immediate access to 
feed (P < 0.05; Table 1). At 40 d, 
hatch time did not affect adipocyte 
cell width. However, all birds with 
delayed access to feed had larger adipocytes than those with immediate access to feed (P < 0.05; 
Table 1). The extent of intramuscular fat deposition at 28 and 40 d was independently scored by 
5 trained observers. At 28 d, a trend (P = 0.079) for decreased adipose tissue deposition in LH 
birds with immediate access to feed compared to both LH birds with delayed access to feed and 
all MH birds was observed (Figure 3A). This trend at 28 d also suggested there was decrea sed 
adipose tissue deposition in EH compared to MH birds with immediate access to feed (Figure 
3A). At 40 d, a trend for more extensive adipose tissue deposition in birds with delayed 
a,b
Values followed by different superscripts within a column and 
factor are significantly different (P < 0.05). 
1
Early, Midterm, and Late refer to the hatch time of the birds based 
on their time of hatch and removal from the incubator. 
2
0 refers to birds provided immediate access to feed upon removal 
from the incubator, while 24 refers to birds provided access to feed 
24 h after the end of the hatch window. 
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compared to immediate access to feed (P = 
0.075; Figure 3B), and LH compared to EH 
birds (P = 0.078; Figure 3C) was also 
observed. 
These data suggest that adipogenesis 
was stimulated by a 24 h feed deprivation 
immediately post-hatch. This difference was 
still evident at 40 d as indicated by both the 
larger adipocytes, and trend for increased 
adipose tissue deposition in feed deprived 
birds. These observations are in agreement 
with the assertion of Velleman et al. (2014b) 
that the nutritional regimen provided 
immediately post-hatch significantly 
influences intramuscular adipose tissue 
deposition. Further to this, it has been 
suggested that the myogenic SC population 
may contribute to intramuscular adipose 
tissue deposition (Velleman et al., 2010, 
2014b). As demonstrated in SC and myoblasts in vitro, downregulation of the MRF myogenin 
and transdifferentiation of these cells to adipocytes was stimulated by nutrient restriction or 
ectopic expression of PPARγ (Hu et al., 1995; Yu et al., 2006; Powell et al., 2014a, b). Myogenin 
Figure 3. Ordinal scoring analysis of intramuscular 
adipose tissue deposition in the pectoralis major of early 
hatched (EH), midterm hatched (MH), and late hatched 
(LH) birds, provided access to feed immediately upon 
hatching (0), or 24 h after the end of the hatch window 
(24). Analysis of adipose tissue deposition was conducted 
at A) 28, B) and C) 40 d. Intramuscular adipose deposition 
scores ranged from 1 (extensive adipose deposition) to 5 
(no observable adipose deposition). 
Chapter 8                             Hatch time, access to feed, and intramuscular fat 
 
 
 
 
255 
 
expression is required for the myogenic differentiation of SC (Weintraub, 1993; Yablonka-
Reuveni and Paterson, 2001), and the downregulation of myogenin has been observed as a result 
of feed restriction during the first wk post-hatch in poults and chicks (Halevy et al., 2003; 
Velleman et al., 2010, 2014a). Therefore, it was likely that myogenic differentiation of SC was 
inhibited in birds with delayed access to feed in the current study. The increase in expression of 
adipogenic genes is likely associated with the conversion of SC to adipocytes. However, some 
SC may express adipogenic genes without converting to adipocytes, which will result in lipid 
droplet formation within myotubes (Chung and Johnson, 2009).  
In addition to the effect of access to feed on intramuscular adipose tissue deposition, 
hatch time may play a role in this regulation, as suggested by the increased expression of PPARγ 
from the time of hatch until 1 d in LH birds. This hypothesis was also supported by the increased 
adipocyte width at 28 d in LH compared to EH and MH birds with delayed access to feed, and a 
tendency for increased adipose deposition at 40 d in LH birds. This was interesting to note as 
reduced breast muscle growth has also been observed in later hatching birds (Lamot et al., 2014; 
Powell et al., submitted to Poultry Science, 2016). When taken together with the effect of the 
timing of access to feed on intramuscular adipose tissue deposition, these data suggest that 
impaired myogenic development may be associated with increased adipogenesis. 
Regulation of adipogenesis may be related to an increase in the levels of circulating 
triiodothyronine (T3) in earlier hatching chicks at the time of hatch (Buys et al., 1998; van de 
Ven et al., 2011; Wang et al., 2014), and in birds provided immediate access to feed post-hatch 
(Noy and Sklan, 2001; Careghi et al., 2005; Wang et al., 2014). Thyroid hormone levels are 
linked to adipose tissue deposition. A decrease in adipose content has been observed in 
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hyperthyroid chickens, while hypothyroid chickens had significant increases in adipose tissue 
deposition (Decuypere and Buyse, 1988). Specifically, T3 will induce mobilization of the 
triglycerides stored in adipose tissue (Oppenheimer et al., 1991), and utilization of lipid 
substrates in metabolically active tissues such as skeletal muscle (Lombardi et al., 2012). 
Accumulation of cellular lipid droplets is essential for adipocyte differentiation (Green and 
Kehinde, 1975). Therefore, increased lipid mobilization may suppress adipogenic signaling in 
EH and immediately fed birds, as was observed for PPARγ, and subsequently SCD expression in 
the current experiment.  
The results from the present study demonstrate that a delay in providing feed to the chick 
can increase breast muscle adiposity, and that hatch time can affect this regulation. The lean 
product quality associated with poultry meat is a crucial component of its positive consumer 
perception. Therefore, intramuscular adipose tissue deposition in the broiler should be minimized 
by providing the hatchling prompt access to feed.    
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GENERAL DISCUSSION 
Post-hatch broiler muscle growth is dependent on the enlargement (hypertrophy) of post-
mitotic myofibres formed during embryogenesis (Smith, 1963; Moss, 1968; Mozdziak et al., 
1997). The satellite cells (SC), which lie between the basal lamina and the sarcolemma of 
myofibres, facilitate this hypertrophy by fusing with and donating nuclei to myofibres, enabling 
increased muscle protein synthesis (Stockdale and Holtzer, 1961; Moss and Leblond, 1971). In 
chickens, SC are maximally active in the first week post-hatch, and are sensitive to the birds’ 
access to feed during this time, which can affect muscle growth (Halevy et al., 2000, 2003; 
Moore et al., 2005b; Velleman et al., 2010, 2014a).  
There are several commercial management factors which affect post-hatch broiler 
nutrition and are therefore likely to also affect SC activity and muscle development. Typically 
chicks from one setting of eggs in the hatchery will hatch over a 24 to 48 h period, and are then 
held in the incubator without feed and water until a majority of chicks have cleared the shell. 
Subsequently, chicks may not receive access to feed and water for up to 48 h after their removal 
from the incubator, due to processing at the hatchery and transport to grow out farms. Once 
chicks arrive on farm, they are often provided a single formulation of feed until 10 to 15 d post-
hatch.  This diet may not specifically address the nutritional requirements of the hatchling during 
the first week post-hatch. Together, these practices are likely to affect the muscle growth 
potential of the chick. The experimentation presented in this thesis was designed to expand our 
understanding of how the SC population is influenced by the nutrient status of the chick and the 
effect of this on their muscle development.  
The overall hypothesis of the series of experiments presented in this thesis was that the 
nutritional status of broiler chicks in the immediate post-hatch period will affect the biological 
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activity of SC, and therefore muscle development. Further to this, it was hypothesised that some 
commercial management practices negatively affect this relationship, and could be modified to 
improve muscle development. Five specific research objectives were established and 
investigated in the 6 experimental chapters comprising this thesis to test these hypotheses. These 
objectives were to:  
1) Determine, using an in vitro assay, how dietary nutrient composition, and in particular 
the sulphur amino acid (SAA) profile of the diet, affects the ability of SC to proliferate 
and undergo myogenic differentiation. 
2) Evaluate if the SC population in vivo responds to variations in the composition of the 
diet in a similar manner to that observed in vitro, and whether this also affects muscle 
development. 
3) Assess if hatch time and its interaction with the timing of access to feed significantly 
impacts SC activity and muscle development.  
4) Evaluate whether variations in dietary nutrient composition can stimulate SC to 
transdifferentiate into adipocytes. 
5) Determine if delayed post-hatch access to feed, variable composition of feed, and bird 
hatch time can regulate intramuscular adipose tissue deposition.  
 
This discussion will outline the main outcomes arising from the experiments designed to 
address these objectives.  Consideration of the implications of these findings for current 
commercial practices of the broiler industry is also discussed. 
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IN VITRO NUTRIENT AVAILABILITY 
Outcomes from the in vitro experiments, where SC were grown in culture medium 
containing titrated concentrations of methionine (Met) and cysteine (Cys) (Chapters 3, 4, and 5), 
demonstrate that the SC population is sensitive to dietary nutrient composition. Reductions in SC 
proliferation, differentiation, myonuclear accretion, and the expression of a range of myogenic 
regulatory genes were more pronounced with stepwise reductions in Met and Cys availability. 
This was in keeping with the original hypothesis for objective 1, that the myogenic activity of SC 
would be impaired by incremental reductions in amino acid availability.  
Protein synthesis is universally initiated by Met (Kozak, 1983), and its restriction would 
therefore limit the potential for cellular protein biosynthesis. This will affect the ability of SC to 
undergo mitosis, and subsequently differentiate and fuse to form multinucleated myotubes. 
Another consideration is that the relationship between amino acids and protein translation is 
mediated by the mammalian target of rapamycin (mTOR)/ribosomal protein S6 kinase (S6K1) 
pathway, as demonstrated both in vitro in myoblasts and in vivo in post-hatch chick muscle 
(Tesseraud et al., 2003; Everaert et al., 2010; Métayer-Coustard et al., 2010). Several studies 
have established that both mTOR protein complex 1 and 2 directly regulate myoblast and SC 
differentiation (Shu and Houghton, 2009; Pollard et al., 2014; Dai et al., 2015).  Therefore, 
regulation of mTOR signalling by Met and Cys may influence SC differentiation and myogenic 
regulatory gene expression (Chapters 3 and 5).  
The increased differentiation, but reduced proliferation of SC following the provision of 
excess Met and Cys in vitro (Chapter 3) indicated that these two processes have different SAA 
requirements. It may be that an oversupply of SAA impairs SC proliferation, as excessive levels 
of Met have been shown to produce toxic levels of the metabolite homocysteine (Katz and 
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Baker, 1975; Toue et al., 2006). Conversely, an increased requirement for Met and Cys was 
observed during differentiation.  This additional SAA requirement is likely to facilitate the 
myofibrillar protein synthesis initiated by the fusion of SC into myotubes (Lin et al., 1994).  
Identification of the varying nutrient requirements of SC for the different cellular 
processes was not considered in the original objectives of this study. From a practical 
perspective, the different nutrient needs for SC proliferation and differentiation indicate that SC 
mitotic activity alone may be an inaccurate indicator of SC kinetics in nutritional studies. This is 
due to the fact that SC mitotic activity alone does not provide a clear indication that the cellular 
requirements for SC differentiation and fusion have been met. For example, Pophal et al. (2004) 
and Nierobisz et al. (2007) reported increased SC mitotic activity in chicks and poults fed diets 
with marginal amino acid deficiencies, and suggested these diets may be optimal to maintain 
metabolic function in the early post-hatch period. However, the increased SC proliferation in 
these birds was not linked to increased myofibre hypertrophy or muscle mass, suggesting 
myonuclear accretion was either unaffected or impaired.  
Satellite cell apoptosis was also differentially regulated by nutrient availability during 
proliferation and differentiation (Chapter 4). Increasing restrictions of Met and Cys reduced 
apoptosis in proliferating SC. Hence the reduced proliferation observed in nutrient restricted SC 
(Chapter 3), was most likely a result of SC exiting the cell-cycle and entering a quiescent state. 
This is consistent with the reported increase in the number of quiescent SC in starved compared 
to fed 3 d old poult pectoralis thoracicus muscle (Moore et al., 2005a). However, when 
differentiation was initiated, apoptosis increased in the severely nutrient restricted SC. This is 
congruent with reports of increased myonuclear apoptosis following either total feed deprivation, 
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or specific nutrient restriction in post-hatch chicks and turkeys (Mozdziak et al., 2002a; Pophal et 
al., 2003; Nierobisz et al., 2009).  
In differentiating myoblasts, apoptotic signalling is suppressed by the phosphorylation of 
Akt and upregulation of p21 (Wang and Walsh, 1996; Fujio et al., 1999), as both are important 
survival factors. Without sufficient Met and Cys to undergo differentiation, reduced 
phosphorylation of Akt and downregulation of p21 could potentially occur in nutrient restricted 
SC, increasing the likelihood that they undergo apoptosis. A reported increase in p21 expression 
in SC derived from fed compared to starved poults also supports this hypothesis (Halevy et al., 
2003). As the outcomes of Chapter 4 concur with previously reported assessments of SC 
survivability in starved birds, it is likely that dietary nutrient composition regulates SC survival 
in a similar manner in vivo.  
As SC isolated from different muscle fibre types possess innate differences, and are 
predisposed to differentiate into muscle fibres of the type from which they originate (Feldman 
and Stockdale, 1991; Collins et al., 2005; Huang et al., 2006), the significance of the muscle type 
from which SC originate was also investigated. Previously, the rate of proliferation and 
expression of myogenic regulatory factors has been shown to vary between SC originating from 
different muscle fibre types (McFarland et al., 1997a; Lagord et al., 1998). However, from the 
studies reported in this thesis a similar rate of apoptosis (Chapter 4) and myogenic regulatory 
gene expression (Chapter 5) was observed in SC derived from the pectoralis major and biceps 
femoris. It should be noted that an effect of muscle fibre type of origin on the adipogenic 
regulation of SC activity was observed (Chapter 4), as discussed below. Overall however, these 
results indicated that SC muscle fibre type of origin was not a critical factor in the nutritional 
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regulation of myogenesis under these conditions, and was therefore not investigated in 
subsequent in vivo studies (Chapters 6, 7, and 8).  
The regulation of myogenesis by Met and Cys restriction (Chapters 3, 4, and 5) indicated 
that dietary nutrient composition is an important regulator of SC activity, and that different 
nutrient profiles are required to achieve optimal SC proliferation and differentiation. 
Additionally, these results suggested that SC, regardless of their muscle type of origin, may, 
when unable to proliferate due to inadequate nutrient supply, revert to a state of quiescence. 
Conversely, SC undergo apoptosis when insufficient SAA are available for differentiation. The 
responsiveness of SC activity to SAA availability in vitro suggests that nutrient regulation of SC 
activity may influence muscle development in vivo, as previously hypothesised by Sklan and 
Noy (2003).  
 
IN VIVO NUTRIENT AVAILABILITY 
The provision of variable levels of dietary Met to chicks in the first week post-hatch 
(Chapter 6) did not affect  SC activity and breast muscle development in vivo.  This conclusion 
was reached due to a lack of dietary treatment effect on myogenic regulatory gene expression, 
relative breast weight, myofibre width, and muscle morphology. This was contrary to the 
hypothesis for objective 2 that SC would respond to alterations in dietary nutrient composition in 
a comparable manner to that observed in vitro (Chapters 3, 4, and 5).  
Methionine is an essential dietary amino acid in chickens (Scott et al., 1982), and is the 
first limiting amino acid in many poultry diets, primarily due to their use of SAA deficient 
soybean meal (Baker, 2006). Additionally, dietary Met inadequacy has been reported to 
compromise breast muscle protein accretion (Corzo et al., 2006; Goulart et al., 2011; Zhai et al., 
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2012; Wen et al., 2014). It is likely, therefore, that other factors contributed to the negligible 
effect of the dietary Met treatments on muscle development (Chapter 6).  
Broiler growth rates and breast meat yield have been reported to plateau at a significantly 
higher SAA concentration in diets containing over 230 g/kg crude protein, compared to diets 
containing less than 230 g/kg (Sklan and Noy, 2003; Vieira et al., 2004). Therefore, the inclusion 
rate of 214 g/kg crude protein in the treatment diets (Chapter 6) may have reduced the chicks 
ability to utilise the dietary Met. Additionally, Met absorption is low at the time of hatch (43 % 
compared to 75 % at 4 d; Noy and Sklan, 2001), concomitant to the internalised yolk sac 
providing nutrients, including protein, to the bird. The provision of a low protein diet has also 
been reported to expedite yolk sac utilisation (Swennen et al., 2010).  
The effect of reduced dietary Met inclusion on breast muscle development may therefore 
have been moderated by a number of other factors at play at the time the treatment diets were 
offered to the chick. These included the level of dietary crude protein, low Met digestibility at 
hatch, and an alternate supply of SAA from the yolk sac. A final consideration in terms of factors 
affecting these chicks in the post-hatch period was their timing of access to feed. The chicks 
were deprived of feed and water for several hours during their transportation to the experimental 
facility, weighing, tagging, and sorting into treatment groups, in addition to the time spent at the 
hatchery and in the incubator. Delayed access to feed significantly impairs SC activity in chicks 
(Halevy et al., 2000; Mozdziak et al., 2002b; Kornasio et al., 2011), and also decreases Met 
digestibility during the early post-hatch period (Noy and Sklan, 2001). Together, these factors 
may have contributed to the lack of effect of dietary Met availability in the pre-starter period on 
SC activity and muscle growth.  
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Although these results do not support our original hypothesis that the dietary amino acid 
profile would affect SC activity and therefore muscle development in vivo, scope exists to 
investigate this concept further. Future investigation of SC regulation by pre-starter diet 
formulation should employ a sufficiently high crude protein inclusion level to maximise potential 
amino acid utilisation, and could investigate the use of highly digestible ingredients. Further to 
this, inclusion of other targeted amino acids in combination with or in place of Met may be more 
effective in regulating SC activity. Lysine is a good candidate for testing in this scenario as it is 
the most abundant amino acid in skeletal muscle protein (Tesseraud et al., 2011), and is a 
significant regulator of muscle growth potential (Tesseraud et al., 2001; Sterling et al., 2006; 
Bastianelli et al., 2007). Varying lysine inclusion rates in a pre-starter diet have also been 
demonstrated to influence SC mitotic activity (Pophal et al., 2004), lending support for further 
assessment of the influence of lysine on breast muscle development in broiler chicks. 
 
HATCH TIME AND ACCESS TO FEED 
Satellite cell activity and muscle development were influenced by both the timing of 
access to feed post-hatch, and its interaction with chick hatch time (Chapter 7). The timing of 
access to feed and chick hatch time affected myogenic regulatory gene expression, and therefore 
SC activity, at some points in an independent, and others, interactive manner during the first 7 d 
post-hatch. Variable upregulation of syndecan-4 and myogenic determination factor 1 (MyoD) 
was observed in both later hatching chicks and those with delayed access to feed, in addition to a 
late increase in myogenin expression. Therefore it can be concluded that SC in late hatched 
chicks and those with delayed access to feed were active and able to proliferate, but, when 
compared to the early hatch chicks and those with immediate access to feed, were suggested to 
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have an impaired ability to differentiate. This was in keeping with the original hypothesis for 
objective 3 that SC activity would be improved in early hatching birds and those with immediate 
access to feed post-hatch, although the improvement in early hatching birds was not only a result 
of an interaction with the timing of access to feed as originally put forward. 
A 24 h delay in access to feed and water post-hatch impaired body weight gain (until 28 d 
in males and 40 d in females), breast muscle growth, and connective tissue spacing, likely 
contributed to by altered SC regulation. This was also in keeping with the original hypothesis for 
objective 3 that immediate access to feed post-hatch would improve muscle development. These 
results concur with the findings of previous studies where SC activity and muscle growth was 
impaired by delaying access to feed for 48 h or longer post-hatch (Halevy et al., 2000, 2003; 
Mozdziak et al., 2002b; Moore et al., 2005b; Kornasio et al., 2011).  
Alternate commercial brooding systems are available to provide the hatchling with 
immediate access to feed, such as the ‘Patio’ system described by van de Ven et al. (2009). 
These systems maximise access to feed in the first 2 d posthatch, when SC activity is the most 
responsive to nutrient availability (Halevy et al., 2000). Immediate provision of feed to the 
hatchling would also increase the potential for the composition of the pre-starter diet (Chapter 6), 
to significantly influence muscle development. A final consideration is that the Patio system 
retains chicks at the hatchery for several days, before distribution of more mature chicks to 
individual grow out farms. This would remove the logistical barrier of transportation and storage 
of small volumes of pre-starter diet at grow out farms, which may be hindering their use in 
Australia currently (personal communication; Greg Connors, Ridley Corporation, Australia),  
More unexpected than the effect of delayed access to feed, was the observation that 
earlier hatch chicks exhibited increased proportional breast weight up to 28 d compared to late 
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hatch chicks, regardless of when they received access to feed. Additionally, at 28 d this effect 
was specific to muscle growth, as hatch time only influenced body weight gain through to 14 d. 
It had been hypothesised that immediate access to feed would significantly benefit early hatched 
chicks, rather than hatch time itself having a regulatory effect on SC activity. The basis for this 
assumption was that early hatched chicks experienced an increased length of time without feed 
and water in the incubator when compared to later hatched chicks.  
As hatch time has a significant effect on early chick development (Chapter 7), it is an 
important variable to be considered when designing experiments that focus on post-hatch muscle 
development. Hatch time has been accounted for in some previous investigations, such as Halevy 
et al. (2004) and Swennen et al. (2010), but is ignored in others (Bastianelli et al., 2007; Dozier 
and Mercier, 2013; Deng et al., 2014), including our own investigation (Chapter 6), where it may 
represent a significant source of unaccounted variation. 
Previously, Lamot et al. (2014) reported that early hatched chicks had increased relative 
breast muscle weight at 18 d, compared to later hatching chicks, regardless of access to feed. Our 
results support and augment this finding by showing that this effect was still apparent at 28 d. 
When taken together, these findings highlight the inherent regulation that bird hatch time can 
have on myogenic development. However, hatch time did not influence breast meat yield at 40 d, 
and would therefore not be an economic consideration for a notable proportion of birds, which in 
current market conditions are processed later than 28 d. Nevertheless, if broiler market age 
decreases, as a result of genetic selection and ongoing management improvements, bird hatch 
time could become an increasingly important consideration for maximising breast muscle yield 
at processing. Further research into the biological regulation of individual bird hatch time and its 
effect on muscle development is therefore warranted.  
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Identifying the physiological cause of the altered muscle development in earlier hatching 
birds may allow this variation to be exploited to improve muscle growth. As hypothesised in 
Chapter 7, triiodothyronine (T3), which is a positive regulator of myogenin expression and SC 
differentiation (Cassar-Malek et al., 1999; Rochard et al., 2000; Seyer et al., 2006), may play a 
regulatory role in this relationship. Circulating T3 levels are higher in earlier hatching compared 
to later hatching chicks (Decuypere et al., 1990; Buys et al., 1998; van de Ven et al., 2011; 
DuRant et al., 2014; Wang et al., 2014). They are also higher in chicks with immediate compared 
to delayed access to feed post-hatch (Noy and Sklan, 2001; Careghi et al., 2005; Wang et al., 
2014). Therefore the effect of T3 should be considered in future investigations related to chick 
hatch time and muscle development.  
In addition to the observations of altered SC activity and muscle growth, connective 
tissue spacing surrounding individual muscle fibres and muscle fibre bundles was increased by 
immediate access to feed, particularly in earlier hatched birds (Chapter 7). Reduced connective 
tissue spacing has been implicated in reducing muscle capillary supply (Velleman et al., 2003), 
while a reduction in the number of capillaries has been reported surrounding necrotic and 
degenerating areas in hypertrophic muscle (Sosnicki and Wilson, 1991). This is a significant 
consideration as the pectoralis major contains fast-twitch type IIb fibres which produce lactic 
acid as a byproduct of anaerobic respiration, that must be removed from the muscle through the 
circulatory system (Bangsbo et al., 1991). Reduced capillary supply would impair the removal of 
lactic acid from the pectoralis major, decreasing muscle pH, resulting in muscle damage and 
reducing meat quality.  
Together with the observations of Velleman et al. (2010, 2014a), the results of Chapter 7 
indicate that immediate and unrestricted post-hatch access to feed reduces the susceptibility of 
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birds, and especially earlier hatched birds, to muscle damage. This suggests that commercial 
practices resulting in delayed access to feed negatively affect muscle structure and subsequently 
meat quality, in addition to growth rates. These observations are supported by the conclusion of a 
recent study by Bailey et al. (2015), which addressed the hypothesis that the occurrence of breast 
muscle myopathies is mainly a result of genetic selection for breast meat yield and increased 
growth rates. They reported that the deep pectoral myopathy, white striping, and wooden breast 
conditions have a significant environmental, and therefore management component to their 
occurrence, based on over 40,000 meat quality records from two broiler lines. Our results 
(Chapter 7) suggest that delayed access to feed, and potentially factors related to bird hatch time, 
may be a part of this non-genetic regulation of myopathies such as these. 
 
ADIPOGENIC SATELLITE CELL ACTIVITY 
Satellite cells were traditionally viewed as committed myogenic precursors. However, 
through the use of adipogenic inducers, Asakura et al. (2001) demonstrated that SC could 
differentiate to form adipocytes. Subsequently, it has been reported that at least a subpopulation 
of SC can spontaneously undergo adipogenic differentiation without inducing agents, confirming 
their multipotency (Shefer et al., 2004; Rossi et al., 2010). It was demonstrated in vitro that 
restricted SAA availability could stimulate the adipogenic transdifferentiation of SC, when their 
myogenic activity was impaired (Chapter 4). This was supported by the increased adipogenic 
regulatory gene expression in the breast muscle of birds with delayed access to feed and later 
hatched birds (Chapter 8). In contrast, adipogenic gene expression was unaffected by dietary Met 
variation (Chapter 6), where no effect on myogenic gene expression was reported. Together, 
these results were in agreement with the hypothesis of objective 4 that treatments which impaired 
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myogenic SC activity would instead stimulate their adipogenic transdifferentiation. Additionally, 
a trend for increased intramuscular adipose tissue deposition was observed in feed deprived as 
well as late hatched birds at 40 d of age (Chapter 8). This supported the hypothesis of objective 5 
that treatments which stimulated the adipogenic transdifferentiation of SC would also increase 
intramuscular adipose tissue deposition. 
It is also apparent that the predisposition for SC to differentiate into adipocytes may vary 
depending on their muscle of origin (Chapter 4), in agreement with previous observations in rat 
SC (Yada et al., 2006). Increased lipid staining and adipogenic regulatory gene expression was 
observed in SC derived from the pectoralis major compared to biceps femoris (Chapter 4), 
indicating these cells more readily adopt an adipogenic phenotype. This is supported by a recent 
report that pectoralis major SC are also more predisposed to adipogenic transdifferentiation due 
to thermal challenge (Harding et al., 2015).  
The avian pectoralis major consists predominantly of type IIb anaerobic fibres, while the 
biceps femoris consists of type IIa anaerobic-oxidative fibres with an increased oxidative 
metabolic capacity. The biceps femoris SC would therefore utilise fatty acids and pyruvate in the 
tricarboxylic acid cycle during oxidative metabolism, reducing the availability of fatty acids for 
lipid synthesis. Accumulation of cellular lipid droplets is essential for adipocyte differentiation 
(Green and Kehinde, 1975), and would therefore be reduced in biceps femoris compared to 
pectoralis major SC. The observations of Chapter 4 therefore suggest that the pectoralis major, 
and potentially muscles which predominantly utilise glycolytic metabolism in general, are more 
susceptible to intramuscular adipose tissue deposition than muscles which predominantly utilise 
oxidative metabolism. 
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Together with the reports of Velleman et al. (2010, 2014b), the investigation into the 
adipogenic potential of SC (Chapters 4, 6, and 8) indicate that post-hatch nutritional management 
can significantly influence intramuscular adipose tissue deposition in broilers. The regulatory 
elements influencing this relationship are unclear, however as discussed in the relevant chapters 
(Chapters 7 and 8), hatch time effects may be related to the circulating levels of T3 in post-hatch 
chicks. In addition to the direct regulation of myogenic differentiation of SC by T3, thyroid 
hormone levels are linked to adipose tissue deposition. A decrease in adipose content has been 
observed in hyperthyroid chickens, while hypothyroid chickens had significant increases in 
adipose tissue deposition (Decuypere and Buyse, 1988). Specifically, T3 induces mobilisation of 
triglycerides stored in adipose tissue (Oppenheimer et al., 1991), and utilisation of lipid 
substrates in metabolically active tissues such as skeletal muscle (Lombardi et al., 2012). As 
cellular lipid droplets are essential for adipocyte differentiation (Green and Kehinde, 1975), 
increased lipid mobilisation may suppress adipogenic signalling in early hatched and 
immediately fed birds. This was supported by the reduced peroxisome proliferator-activated 
receptor gamma and stearoyl-CoA desaturase expression in these birds (Chapter 8). 
It must be noted that the ability of SC to form mature adipocytes is contended. It has been 
suggested that non-myogenic cell co-purification in vitro produces the adipogenic phenotype 
ascribed to SC (Starkey et al., 2011). Additionally, Uezumi et al. (2010) identified that 
mesenchymal progenitors distinct from SC could contribute to ectopic adipose tissue deposition. 
Adipogenesis of these mesenchymal progenitors was also inhibited by the presence of SC 
undergoing myogenic differentiation, which is congruent with the inverse relationship observed 
between these two differentiation pathways (Chapters 4 and 8). The SC utilised in the in vitro 
study (Chapter 4) were robotically isolated before culturing, and were therefore free of other cell 
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types. However, the potential contribution of mesenchymal progenitors to the intramuscular 
adipose tissue deposition observed in vivo (Chapter 8) cannot be discounted, although some data 
indicate that intramuscular preadipocyte numbers are minimal (S.G. Velleman, unpublished 
data). Another important consideration is that some SC may express adipogenic genes without 
converting to adipocytes, but this has also been reported to result in lipid droplet formation 
within myotubes (Chung and Johnson, 2009). These outcomes suggest that if SC do not undergo 
adipogenic transdifferentiation, they can still indirectly contribute to intramuscular adipose tissue 
deposition.  
Regardless of the specific cell type of origin of intramuscular adipose tissue, its 
deposition in broiler breast muscle is important to consider as the lean product quality associated 
with poultry meat is a crucial component of its positive consumer perception (Kennedy et al., 
2004). These results (Chapters 4 and 8) support the overall hypotheses of this series of 
experiments that SC activity is responsive to immediate post-hatch nutritional management, and 
is impaired by current commercial hatchery management. They also highlight that limiting 
intramuscular adipose tissue deposition is a further reason for commercial producers to provide 
prompt access to feed post-hatch, and consider the potential of pre-starter diet formulations. 
 
CONCLUSION 
By addressing the five specific research objective of this thesis it has been demonstrated 
that the nutritional status of SC will influence their activity, and therefore muscle development. 
The in vitro cell culture experiments (Chapters 3, 4, and 5) clearly demonstrated that SAA 
availability is an important regulator of both myogenic and adipogenic SC activity, and that SC 
fibre type of origin may be a significant factor in their adipogenic potential. Additionally, 
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outcomes from the in vitro studies (Chapters 3 and 4) highlight the importance of considering the 
ability of SC to differentiate and contribute to myonuclear accretion in addition to their ability to 
proliferate, due to the differing nutrient requirements of these two processes.  
Although altering amino acid availability in the pre-starter period (Chapter 6) was not 
demonstrated to influence in vivo SC activity and muscle development, several factors to 
consider in subsequent investigations were identified. Specifically, lysine may be an appropriate 
amino acid candidate to further investigate the regulatory effects of varying amino acid levels on 
SC activity. Aside from diet composition, providing access to feed as close to hatch as possible 
should be a priority in commercial production for maximising breast muscle accretion. This was 
demonstrated by the negative effect of 24 h delayed access to feed on SC activity, body and 
breast muscle growth rates, as well as impaired meat quality via diminished extracellular spacing 
and increased intramuscular adipose tissue deposition (Chapter 7 and 8). One potential solution 
to this problem is for commercial producers to adopt combined hatching and brooding systems, 
which provide immediate access to feed and water to chicks upon emergence from the egg. 
Removing the post-hatch delay in access to feed would eliminate both the associated impairment 
of SC activity, and increase the potential for pre-starter dietary formulation to influence SC 
activity during this critical period. As discussed earlier, these systems may also improve the 
practicality of transporting and storing pre-starter feed by allowing them to be fed in larger, and 
therefore more economical volumes at the hatchery. 
As average broiler market age decreases, hatch time is likely to become a significant 
factor due to its effects on SC activity, muscle growth and morphology, and intramuscular 
adipose tissue deposition (Chapters 7 and 8). These results highlight the need for further research 
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to understand the mechanisms behind the influence of hatch time on these parameters, with T3 
being a potentially important candidate for further investigation.  
 
 
In summation, the key industry outcomes of this thesis are that: 
 Myogenic and adipogenic SC activity can be regulated by dietary SAA 
composition. This suggests specifically formulated pre-starter diets could enhance 
SC activity, and therefore muscle growth in broilers 
 Significant impairment of SC activity and muscle growth occurs when access to 
feed is delayed for 24 h post-hatch, with some effects lasting until 40 d. This 
highlights the need to prioritise prompt access to feed post-hatch 
 Chick hatch time significantly impacts post-hatch development, with a specific 
impact on muscle growth until 28 d. This regulation requires further investigation 
due to its increasing importance as broiler age to market decreases 
 Delayed access to feed and later chick hatch time affect muscle morphology by 
reducing intramuscular connective tissue spacing, and increasing the 
intramuscular adipose content of the breast muscle. These results highlight that 
decreasing the time chicks are without food can improve muscle morphology and 
potentially meat quality.   
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